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Abstract: This review discusses the pivotal role of microcirculation in maintaining tissue oxygenation and 

waste removal and highlights its significance in various pathological conditions. It delves into the cellular 

mechanisms underlying hemodynamic coherence elucidating the roles of endothelium, glycocalyx, and 

erythrocytes in sustaining microcirculatory integrity. Furthermore, the review gives comprehensive 

information about microcirculatory changes observed in cardiac surgery, sepsis, shock and COVID-19 disease. 

Through comprehensive exploration, the review underscores the intricate relationship between 

microcirculation, disease states, and clinical outcomes, emphasizing the importance of understanding and 

monitoring microvascular dynamics in critical care settings. 
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1. Introduction 

Evidence from both animal and human studies have shown that macro-hemodynamic targeted 

therapeutic approaches often fail to improve organ function and survival in critical situations [1,2]. 

In recent years, with advancements in technology, particularly in the field of direct imaging, there is 

an increasing body of evidence that microcirculation may represent a crucial target for hemodynamic 

resuscitation. This represents a shift from the traditional approach of hemodynamic resuscitation 

which has been focused on blood pressure and cardiac output in emergency and intensive care units.  

This review discusses the general characteristics of microcirculation, advances in microvascular 

imaging techniques, and its clinical relevance in several pathological states. 

2. Importance of Microcirculation  

The vascular components of the cardiovascular system constitute a networked structure within 

all organs, facilitating the transport of substances. The movement of blood through the smallest 

vessels of the network (vessels with a diameter of less than 100 μm, including arterioles, post-

capillary venules, and capillaries) is referred to as microcirculation. The process of microcirculation 

permits the transfer of oxygen from the bloodstream to parenchymal cells via passive diffusion. The 

regulation of blood flow in the tissue is dependent upon the contraction and relaxation of smooth 

muscles in arterioles and precapillary sphincters, which are controlled through local and neural 

interactions. It is therefore evident that microcirculation fulfils its primary role of meeting local 

metabolic needs and removing waste products from the tissues [3,4]. Oxygen is transported in the 

blood in two forms: bound to hemoglobin in erythrocytes (as oxyhemoglobin) and dissolved in 

plasma. In areas where the partial pressure of oxygen (pO2) decreases due to dissolved oxygen, the 

affinity of hemoglobin for oxygen reduced, thereby facilitating the passage of oxygen through the 
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capillary wall into the interstitium and subsequently into cells. Once inside the cell, oxygen is utilized 

in the electron transport chain within the inner mitochondrial membrane facilitating the production 

of adenosine 5′-triphosphate (ATP) through oxidative phosphorylation. It is therefore evident that 

microcirculation plays a pivotal role in ensuring ATP production by maintaining a consistent and 

adequate oxygen supply, and by regulating its levels in accordance with the cellular demand [5]. 

3. Cellular Processes of Hemodynamic Coherence  

The maintenance of microcirculation and its distinction from macrohemodynamics are 

contingent upon physiological events occurring in and around the endothelium. Three key elements 

are responsible for the hemodynamic coherence: the glycocalyx, the endothelium, and erythrocytes 

(Figure 1). 

The glycocalyx is defined as a reticulated layer of membrane-bound proteoglycans and 

glycoproteins that surrounds the lumen-facing surface of the endothelium. Additionally, the 

glycocalyx contains a variety of substances, including antioxidants, growth factors, and 

anticoagulants, which are collected from plasma for use when necessary [6,7]. In physiological 

conditions, there is a state of equilibrium between the processes of glycocalyx synthesis and 

degradation. The degradation of the glycocalyx is facilitated by inflammatory processes, whereas 

optimal tissue perfusion is ensured by glycocalyx synthesis, which is promoted by shear stress [8,9]. 

The negatively charged glycocalyx structure of cell surface prevents blood and endothelial cells from 

contacting each other [6]. Damage to the glycocalyx results in a reduction of a distance between 

erythrocytes and the endothelium, leading to disruption of microvascular perfusion [10]. 

Furthermore, the glycocalyx plays a role in regulating the adhesion of leukocytes and erythrocytes to 

each other and to the endothelium [6,11] (Figure 1). 

Secondly, the endothelium itself, its junctional complexes, and the elements of the glycocalyx act 

as a selectively permeable barrier between the inside and outside of the vessel. This barrier permits 

the retention of plasma and large molecular-weight protein structures within the vessel [12]. The 

regulation of capillary wall permeability is specifically provided by glycosaminoglycans, sialic acid, 

and proteins gathered from plasma within the glycocalyx structure [6,13]. While studies indicate that 

glycocalyx disruption may result in capillary leakage and that the extent of leakage is associated with 

the quantity of components shed from the glycocalyx [14–16], recent studies suggest that the 

glycocalyx itself does not contribute to capillary permeability [17,18]. 

 

Figure 1. Structural and functional relation with glycocalyx, endothelium, and erythrocytes. 

Furthermore, the glycocalyx serves to convey shear stress data generated by erythrocytes to the 

endothelium, thereby regulating vascular tone and endothelial function [19]. Impairment of the 
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glycocalyx has been demonstrated in numerous pathological conditions, including sepsis, septic 

shock, cardiogenic shock, and coronavirus disease 2019 COVID-19, as well as in surgical procedures 

such as cardiopulmonary bypass and transplantation. This is associated with a poor prognosis [20–

25]. 

The endothelial layer in arterioles regulates microcirculation through the release of mediators 

that induce vascular contraction and relaxation, process that occur independently of the glycocalyx. 

This function is fulfilled through autocrine and paracrine interactions [26,27]. The endothelium not 

only processes local hemodynamic information but also plays a pivotal role in regulating hemostasis, 

ensuring unimpeded blood flows within the vessel. The process of hemostasis is regulated by 

molecules released from the endothelium, including von Willebrand factor (vWF), tissue factor (TF), 

and plasminogen activator inhibitor type 1 (PAI-1). During period of inflammation, the balanced 

between prothrombotic and antifibrinolytic processes can lead to microvascular occlusion, resulting 

in ischemia and subsequent multiple organ dysfunction syndrome (MODS) [26,28]. 

Proinflammatory cytokines play a pivotal role in the meditation of systemic inflammation. The 

endothelium responds to these cytokines in order to regulate its barrier function, vascular tone, and 

coagulation process. When activated by proinflammatory cytokines, the endothelial barrier is 

compromised, and the endothelium synthesizes specific molecules on its luminal surface, facilitating 

the adhesion of leukocytes and erythrocytes [26,29]. At this juncture, there is a notable degree of 

interdependence between the glycocalyx and the endothelium [6,7]. The weakened barrier results in 

tissue oedema, and the adherence of leukocytes to the endothelium causes obstructions in the 

microvascular beds [28]. The presence of oedema and obstructions in the microcirculation can be 

readily identified using with imaging devices [30,31].  

Lastly, erythrocytes, which have a diameter of approximately 7-8 μm in the absence of external 

forces, must undergo a deformation of their membranes in order to traverse capillaries during 

movement. This reversible deformation entails a transformation in geometric shape without any 

alteration in surface area, thereby enabling erythrocytes to traverse through capillaries with a 

diameter of 3-5 μm [32]. A reduction of erythrocyte deformability has been demonstrated in 

numerous pathologies, including sepsis. A reduction of deformability results in increase in blood 

viscosity. The stiffening of cells impedes microvascular flow, and oxygenation is further impaired by 

the reduced affinity of hemoglobin for oxygen [33]. The deformability of individual erythrocytes can 

be quantified using techniques such as micropipette aspiration, atomic force microscopy, and optical 

trapping. The deformability of groups of erythrocytes can be assessed using methods including 

quantitative phase imaging, filtration, microfluidic filtration, and laser diffractometry [34]. A 

reduction of erythrocyte deformability has been linked to a decline in capillary density and survival 

in sepsis [35,36].  

A number of processes can occur concurrently in critical illness, including a systemic 

inflammatory response, damage to the glycocalyx, endothelial dysfunction, endothelial activation, 

coagulation processes, and erythrocyte deformability problems. These processes, which occur in and 

around the endothelium, disrupt the relationship between the macro- and microenvironments, 

leading to a loss of coherence. The extent to which current therapeutic approaches can improve 

microcirculation through cellular processes remains a matter of debate. 

4. Importance of Microcirculation in Shock  

The term “shock” can be defined as the inadequate supply and utilization of oxygen in tissues, 

which significantly impacts microcirculation. Although hypotension is a crucial indicator of shock, 

the activation of the sympathetic nervous system often results in a masking of a drop in blood 

pressure. Furthermore, while the lower limit for systolic pressure is typically regarded as 90 mmHg, 

lower values may be considered normal due to inter-individual variability. Four distinct categories 

of shock have been identified: hypovolemic, cardiogenic, obstructive, and distributive shock. In 

hypovolemic, cardiogenic, and obstructive shock, cardiac output is low and the convection 

characteristics of microcirculation are weak. Conversely, in distributive shock, high cardiac output is 

typically observed in the early stages, with microcirculation redirected by inflammatory-oxidant 
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mediators. It is possible for multiple types of shock to occur simultaneously, such as distributive-

cardiogenic and hypovolemic-cardiogenic [37]. 

The primary objective of resuscitation in all four types of shock is to enhance tissue perfusion 

and oxygenation. Macro-hemodynamic variables, such as blood pressure, are managed within a 

specific range with the assumption that this will improve hypoxia and hypoperfusion. Nevertheless, 

researches have demonstrated that pursuing macro-hemodynamic objectives does not invariably 

enhance oxygenation [38], organ performance [2], or survival [39–41]. The damage to organs and 

fatalities observed during and after shock treatment are attributed to hemodynamic incoherence. In 

physiological conditions, improvements in microcirculation follow improvements in systemic 

hemodynamics, indicating a synergy between macro- and microcirculation. This is known as the 

haemodynamic coherence concept, and it leads to a correction of the shock [42]. However, it has been 

demonstrated that microcirculatory improvement does not always follow systemic hemodynamic 

improvement [43]. The loss of hemodynamic coherence has been shown to impair oxygenation by 

reducing tissue oxygen extraction. It has been established that hemodynamic incoherence is directly 

associated with four different types of microcirculatory changes, all of which can be monitored using 

direct imaging systems. These changes have been observed to uniformly show a decrease in capillary 

density and oxygen-carrying capacity. 

Type 1: Sepsis is an example of a Type 1 alteration. In this type, there is a discrepancy in the flow 

of blood between different capillaries. Furthermore, even in vessels with a flow, there is a disparity 

in flow rate between them. This heterogeneous vascular flow exceeds the physiological limits, 

thereby affecting both the convection and diffusion characteristics of microcirculation. Consequently, 

the density of capillaries and the flow of microvasculature are both impaired in Type 1 alterations. 

Type 2: The second type of alteration is observed in conditions such as fluid overload, which 

frequently occurs during bypass surgery. As a consequence of dilution, both the number of 

erythrocytes per unit blood volume and the space between them decrease. The diffusion 

characteristics of microcirculation are particularly affected. 

Type 3: Vasoactive agents, such as noradrenaline, or increased venous pressure may result in a 

reduction or cessation of microvascular flow. In this type of change, the convection characteristics of 

microcirculation are affected. 

Type 4: This type occurs when capillary leakage causes tissue oedema. Oedema can increase the 

diffusion distance between erythrocytes and cells, thereby affecting oxygen extraction (Table 1) [44]. 

Table 1. An overview of microcirculatory changes. 

Change 

Type 

Example 

Condition 
Characteristics Affected Aspects 

Type 1 Sepsis 

Discrepancy in flow of blood 

between different capillaries, 

heterogeneous microvascular 

flow exceeding physiological 

limits 

Capillary density, 

convection and 

diffusion 

characteristics 

Type 2 Fluid overload 

Decrease in the number of 

erythrocytes per unit blood 

volume and space between them 

due to dilution 

Diffusion 

characteristics of 

microcirculation 

Type 3 

Vasoactive agents 

(e.g., 

norepinephrine) 

Reduction or cessation of 

microvascular flow due to 

vasoactive agents or increased 

venous pressure 

Convection 

characteristics of 

microcirculation 

Type 4 

Capillary leakage 

causing tissue 

edema 

Increased diffusion distance 

between erythrocytes and cells 

due to edema 

Diffusion 

characteristics of 

microcirculation and 
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oxygen extraction 

efficiency 

5. Microcirculatory Changes in Sepsis 

The term "sepsis" is used to describe organ dysfunction resulting from an uncontrolled host 

response to infection. If not promptly identified and treated, it can result in septic shock, multi-organ 

failure and mortality. Despite the administration of fluids in cases of septic shock, hypotension 

(defined as a mean arterial pressure of less than 65 mmHg) and perfusion disorder (defined as a 

lactate level exceeding 2 mmol/L) remain uncorrected [45].  

The microcirculation of patients with sepsis differs significantly from that of healthy individuals 

and even non-septic ICU patients, with a notable redirection of microcirculatory flow [46]. Leukocyte 

and platelet-induced obstructions resulting from endothelial dysfunction lead to redirection of blood 

flow. The increased diffusion distance caused by shunted microcirculation reduces oxygen 

consumption [47]. 

Decreased perfusing capillaries and increased flow heterogeneity are hallmarks of sepsis. These 

changes are more pronounced in non-survivors than in survivors, and improve over time in 

survivors. Changes in microcirculation are independent predictors of mortality in septic patients [48]. 

The phenomenon of microcirculatory heterogeneity permits oxygen to gain access to the venous 

system prior to utilisation, which in turn affects the extraction of oxygen from tissues. In addition to 

microcirculatory heterogeneity, decreased functional density and slowed erythrocyte velocity are 

observed in sepsis [49]. 

While erythrocyte velocity may be similar in survivors and non-survivors, but perfused capillary 

density and heterogeneity are prominent in non-survivors. Variables determining oxygen diffusion 

are more related to the sepsis picture than erythrocyte velocity, which directly determines convection 

[50]. 

The inflammatory process and systemic vasodilation caused by mediators released in sepsis 

create a hypovolemic-like situation [51]. Although fluid resuscitation is the initial step in improving 

macro-hemodynamic variables in sepsis and septic shock, there is still debate regarding the optimal 

type of fluid and the appropriate volume to administer. Furthermore, disturbances in 

microcirculation and an inadequate of response to resuscitation are directly correlated to survival 

outcomes. Nevertheless, fluid administration can increase blood flow by enhancing cardiac output 

and thus the propulsive power of the blood, thereby fulfilling the convective component of oxygen 

transport. Conversely, the administration of substantial quantities of fluid may result in the elevation 

of oxidant mediators within the vessel, leading to the disruption of endothelial integrity and damage 

of surface elements. In this context, oedema may ensue as intravascular fluid leaks into the interstitial 

space. The formation of oedema can be attributed to either the direct effect of the fluid or the 

disruption of cell-cell connections and surface elements, which is a consequence of the nature of 

sepsis itself. The presence of oedema may result in a reduction in blood flow, due to the creation of 

pressure within the perivascular space and an increase in the distance between capillaries and cells. 

This can lead to a limitation in the efficiency of gas exchange. Consequently, both convection and 

diffusion are impaired, but macrohemodynamics may remain within acceptable physiological limits, 

a condition known as hemodynamic incoherence [52,53]. 

6. Microcirculatory Changes in Cardiac Surgery 

Cardiopulmonary bypass surgery has a significant impact on the body’s hemodynamic and 

biochemical processes. During extracorporeal circulation, systemic hemodynamics are maintained 

within desired ranges, although there is a decrease in oxygen delivery and hemoglobin concentration. 

Additionally, the density of perfused capillaries decreases. These alterations in microcirculation are 

accompanied by an increased in hemoglobin oxygen saturation and erythrocyte velocity at the 

capillary level, resulting from impaired oxygen extraction [34]. The administration of blood 

transfusions following surgical procedures has been demonstrated to enhance capillary density and 

hemoglobin levels in the absence of increase in microvascular flow. This occurs independently of 
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haemodynamic and volume status, thereby improving oxygen delivery [35]. Furthermore, reducing 

the size of the external pump may also prevent microvascular hypoperfusion [35]. However, the 

pulsatile nature of the pump [54] and the composition of the inner lining material of the cannula 

circuit [55] do not influence microvascular capillary density or perfusion impairment during surgical 

procedures. 

Contact of blood with the foreign surface during cardiopulmonary bypass surgery induces a 

systemic inflammatory response, affecting all levels from systemic to subcellular [56,57]. The 

presence of elevated cytokine levels in the blood and visualization of leukocytes adhering directly to 

the endothelium [58] and microaggregates in capillaries [59] serve to illustrate the inflammatory 

process. The presence of microaggregates in the postoperative period may be an indicator of an 

increased risk of stroke [59]. 

Cardiac surgery can be performed without using a cardiopulmonary bypass circuit, which has 

the effect of reducing cardiac output directly. A reduction in cardiac output affects microvascular 

flow, impacting all variables related to convection. While pump use has been shown to decrease 

microvascular haematocrit and blood viscosity, these variables remain unaffected in non-pump 

surgery [34,60]. 

Acute microcirculatory deterioration following bypass surgery is observed until the third day 

post-surgery, accompanied by glycocalyx damage. Targeted therapeutic approaches to the delayed 

glycocalyx repair process may improve postoperative outcomes [24]. 

7. Microcirculatory Changes in Coronavirus Disease 2019 (COVID-19) 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the strain of the coronavirus 

responsible for the respiratory illness known as Coronavirus Disease 2019 (Covid-19), which 

triggered the global pandemic. The initial identification of the virus in Wuhan, China, was followed 

by a rapid global dissemination [61]. Given its propensity for transmission, SARS-CoV-2 gains entry 

to vascular endothelial cells via the angiotensin-converting enzyme (ACE) 2 receptor [62]. Activation 

of the ACE-2 receptor results in a significant release of pro-inflammatory mediators, collectively 

termed "cytokine storms," which contribute to endothelial damage [63]. Endothelial dysfunction 

presents in a variety of ways, including impaired capillary permeability and disturbances in 

hemostasis [64] (Figure 2).  

 

Figure 2. Effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on vascular 

endothelial cells (ACE-2 receptor: Angiotensin converting enzyme-2 receptor). 

The presence of microvascular thrombosis is prominent feature observed in microcirculatory 

images of patients diagnosed with COVID-19 [65]. It is possible that this thrombosis contributes to 

the underlying oxygen delivery deficiencies observed in patients with COVID-19. The resolution of 

thrombosis is a prerequisite for the management of conditions associated with SARS-CoV-2, such as 

acute respiratory distress syndrome (ARDS) and myocardial damage [63,66]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 October 2024 doi:10.20944/preprints202410.0370.v1

https://doi.org/10.20944/preprints202410.0370.v1


 7 

 

In patients with COVID-19, despite blood pressure values within the normal ranges, there may 

be a high heart rate, slightly elevated lactate levels, low systemic hemoglobin, and decreased 

hematocrit values [67]. It is noteworthy that perfused vessel density, erythrocyte velocity, and 

capillary hematocrit levels are elevated in the microcirculation of these patients. The elevated 

capillary hematocrit results from capillary plasma leakage due to vascular barrier dysfunction caused 

by endothelial and glycocalyx damage, despite a reduction in systemic hematocrit [68]. 

The microcirculatory characteristics observed in patients with coronavirus disease 2019 

(COVID-19) differ from those observed in patients with sepsis. While microcirculation in sepsis and 

septic shock typically exhibits heterogeneity with reduced vascular density and impaired flow 

[46,69], patients with coronavirus disease 2019 (Covid-19) display a non-heterogeneous 

microcirculation [70]. Furthermore, reductions in functional capillary density may not be observed 

in patients with Covid-19 [48,71,72]. The pathophysiology of Covid-19 differs from that of other viral 

infections [73]. 

The maintenance of functional capillaries in patients with COVID-19 represents a compensatory 

mechanism that increases oxygen extraction in response to hypoxia induced by hyperinflammation 

and hypercoagulation [67]. Nevertheless, in patients with severe SARS-CoV-2 infection and high 

Sequential Organ Failure Assessment (SOFA) scores, characterized by increased leukocytes and 

microaggregates in the microcirculation, this compensatory mechanism may prove ineffective [67]. 

Mechanical ventilation has been observed to increase erythrocyte velocity in patients with COVID-

19 [72]. However, the impact of mechanical ventilation on diffusion distance against increased 

erythrocyte velocity remains unknown. Additionally, various studies have reported high vascular 

densities in the sublingual microcirculation of patients with confirmed or suspected cases of SARS-

CoV-2 infection, alongside decreases in perfused vessels and flow velocity [74]. Notwithstanding the 

absence of a global pandemic caused by the SARS-CoV-2 virus, comprehensive and large-scale 

studies of microcirculatory changes in patients diagnosed with the disease will facilitate a deeper 

understanding of the nature of viral pandemics derived from SARS-CoV-2 and inform the 

development of more effective prevention and treatment strategies in the future. 

8. Assessment and Visualization of Microcirculation  

The intricate processes occurring in microcirculation are currently only elucidated at the 

research level, employing imaging techniques that are not yet integrated into routine clinical practice. 

Nevertheless, to some extent, the microenvironment is in fact assessed in the clinical setting. For 

instance, the color of the skin color can provide some indication of the state of microcirculation in the 

skin. In addition to color changes, the skin blood supply can be estimated by measuring temperature 

or capillary refill time. A reduction in skin temperature in surgical patients has been linked to low 

cardiac output, low central venous oxygen saturation, and elevated lactate levels [75]. The 

measurement of capillary refill time is a straightforward method that has been linked to blood lactate 

levels, the Sequential Organ Failure Assessment (SOFA) score, and survival in patients with sepsis. 

However, inter-clinician variability in assessment could potentially impact the results. Despite 

impaired skin microcirculation in conditions such as hypertension and renal failure, the relationship 

between skin and systemic circulation remains poorly understood [76,77] 

The measurement of blood lactate levels represents a widely utilised biochemical approach for 

the evaluation of disruptions in microcirculation. Lactate levels above 2 mM indicate the presence of 

shock, and even minor fluctuations in lactate levels are associated with direct correlations with 

survival rates [78]. It should be noted that although lactate is a product of anaerobic metabolism, 

exogenous catecholamines or decreased hepatic clearance may also cause an increase in lactate levels 

[79]. Moreover, lactate levels might not increase even if oxygenation is poor and blood pressure is 

within normal limits [1]. Therefore, it cannot be assumed that evaluating microcirculation based 

solely on blood lactate levels is a reliable method. 

Near-infrared spectroscopy (NIRS) devices are capable of measuring oxygenation at the 

microcirculatory level. However, it is important to note that the technique has significant limitations 

when it comes to evaluating microcirculation. A significant challenge is the inability of these devices 
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to provide the requisite detailed spatial resolution for the accurate assessment of microvascular 

structures. NIRS primarily measures changes in oxygenated and deoxygenated haemoglobin within 

capillaries, arterioles and venules. Furthermore, NIRS signals are frequently affected by the 

absorption and scattering of light in diverse tissue layers, rendering it challenging to discern the 

precise impact of microcirculatory blood flow from the overall tissue oxygenation. This limitation is 

particularly problematic in heterogeneous tissues, where multiple layers of blood vessels and 

different tissue types may contribute to the signal, thereby complicating the interpretation of 

microcirculatory dynamics. Furthermore, NIRS does not provide direct information on red blood cell 

velocity, capillary density, or microvascular perfusion heterogeneity, which are crucial parameters 

for a comprehensive assessment of microcirculation [80,81]. 

Retinal vessel diameter (RVD) measurement is a technique used to evaluate the diameters of 

arteries and veins in the retina. While it provides valuable information about the structure and 

function of the retinal vasculature, RVD has also significant limitations when it comes to assessing 

microcirculation. Firstly, RVD measurements typically focus on larger and medium-sized vessels, 

which do not provide direct information about the microcirculation's smallest components, such as 

capillaries. Therefore, RVD measurements do not adequately reflect changes or dysfunctions in the 

microcirculation. Additionally, RVD measurements are designed to assess structural and geometric 

changes in retinal arterioles and venules, but they do not measure the functional dynamics of 

microcirculation, such as blood flow rates, oxygenation status, or microvascular reactivity. And, RVD 

measurements lack the ability to distinguish whether observed changes occur at the microcirculatory 

level or in the larger vascular network. For example, observed changes such as arteriolar narrowing 

or venular dilation may not be a direct result of pathological processes occurring in the 

microcirculation, potentially leading to misleading conclusions about the state of the microcirculation 

[82,83]. 

A variety of imaging devices can be employed to ascertain information regarding tissue 

perfusion. Laser Doppler, laser speckle contrast, and photoacoustic imaging systems represent non-

invasive imaging techniques. The acquisition of real-time images is achieved through the alteration 

of the optical properties of the transmitted light subsequent to the excitation of the tissue or by the 

absorption of light by the tissue. While these devices may be suitable for skin imaging in terms of 

ergonomics, they are not practical for other parts of the body [84,85]. Furthermore, these devices 

provide information about convection properties of microcirculation, which is a significant factor 

influencing oxygen transport. However, these techniques are non-quantitative, provide only 

percentage change information, are affected by individual differences, and, more importantly, are 

unable to provide diffusion-related information in microcirculation. The transport of oxygen to the 

tissue is determined by two processes: convection and diffusion. In other words, for the tissue to 

receive oxygen, it must pass at a certain speed from a location in close proximity to the cell. It is 

therefore evident that in order to evaluate the oxygen transport capacity of the microcirculation, both 

microvascular flow (convection) and capillary distance (diffusion) information are required. In order 

to achieve this, it is necessary to conduct direct visualization of the microcirculation [3]. The direct 

imaging of microcirculation without the use of any dye has been a viable technique in clinical research 

for the past 25 years. For the first time, microcirculation was imaged at the bedside in humans using 

orthogonal polarization spectral (OPS) technology. Subsequently, technological advancements led to 

the development of two subsequent generations of devices using dark field microscopy: initially the 

Sidestream Dark Field (SDF) and subsequently the Incident Dark Field (IDF) approach. All three 

generations of devices are based on the principle that hemoglobin becomes visible by absorbing green 

light. In the images, microvessels can be easily visualized, and the velocity of small vessels and their 

quantity in the region of interest can be determined. Consequently, the second component of oxygen 

transport namely diffusion information, can also be obtained [86,87]. 

The sublingual region has typically been evaluated with imaging devices. Microvessels are 

identified according to their flow and branching direction. Despite the sublingual region’s distance 

from the heart and other organs, it is a well-defined area for understanding pathophysiology and 

treatment efficacy [49,88]. In addition to the sublingual region, other areas have been imaged, 
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including as the vagina [89], colon [90], skin [91], rectum [92], labia [93], conjunctiva [94], brain [95], 

and peritoneum [96]. 

A novel system has recently been developed for the simultaneous assessment of microvascular 

oxygen saturation and microcirculatory variables. This system maps oxygen saturation in the 

microcirculation based on the principle that oxyhemoglobin absorbs blue light. It has been 

demonstrated that there is a correlation between the inspired oxygen fraction (FiO2) and 

microvascular saturation and that local saturation changes were associated with changes in the 

microcirculation [97]. 

9. Variables Obtained from Microcirculation Images 

The rise in sublingual microcirculation studies has enabled the acquisition of a multitude of 

variables. A consensus was reached at meeting in 2007 and 2018 regarding the variables related to 

capillary density, perfusion, and erythrocyte flow behaviour [98,99]. While the initial approach was 

predominantly based on manual measurements, more recently, novel variables have been proposed 

that calculated using computer software [100]. These variables in question are now out lined as 

follows: 

Microvascular Flow Index (MFI): The MFI provides information regarding the quality of perfusion 

in the region of interest. The video image is hypothetically divided into four parts, with each part 

assigned a value between 0 and 3 according to the observed flow type. The MFI value is presented as 

the mean without units (with 0 indicating no flow; 1 indicating intermittent flow; 2 indicating slow 

flow; 3 indicating continuous flow). 

Total Vessel Density (mm/mm²) (TVD): The TVD is calculated as the total length of vessels divided 

by the total surface area of the region of interest. This provides information about the vessel density 

in the region. 

Perfused Vessel Density (mm/mm²) (FCD): The FCD is calculated as the total perfused vessel length 

divided by the total surface area. This variable provides information about functional vessel density. 

Proportion of Perfused Vessels (%) (PPV): The PPV is calculated as the number of perfused vessels 

per hundred divided by the total number of vessels and provides information about perfusion 

quality. 

Flow Heterogeneity Index (FHI): This provides information about perfusion heterogeneity.  The 

calculation is performed by dividing the difference between the highest microvascular flow and the 

lowest microvascular flow indices by the mean microvascular flow index. 

Erythrocyte Velocity (mm/s) (RBCv): This is the weighted average of the absolute erythrocyte 

velocity in all capillary segments within the field of view. It provides quantitative information as a 

determinant of the convection capacity of the microcirculation. 

Density Distribution Between Capillaries (#RBCv): It is a variable that gives the density distribution 

of erythrocyte velocity at the level of individual capillaries. The heterogeneity of capillary perfusion 

provides in-depth information about the pathophysiological state of the microcirculation. It can be 

calculated with software. 

Capillary Hematocrit (cHct): The weighted average of the ratio of whole blood volume to 

erythrocyte volume in all capillary segments within the field of view. It can be calculated with 

software. It corresponds to the distribution of erythrocytes within the boundaries of capillaries and 

represents the microcirculatory diffusion capacity. 

Hematocrit Discharge (#dHct): The weighted average of the product of the integral over time of 

the linear displacement of erythrocytes and capillary hematocrit divided by the capillary segment 

length and the field of view. It represents the displacement of capillary hematocrit as the ratio 

between erythrocyte volume and blood volume per unit time. 

Tissue Erythrocyte Perfusion (tRBCp): The linear displacement of erythrocytes, the weighted 

average of the integral over time of capillary segment whole blood volume and capillary hematocrit 

(capillary segment length) divided by the field of view. Tissue perfusion with red blood cells is the 

most representative measure of tissue perfusion in a clinical and physiologic context [98–100]. 
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10. Conclusion 

The direct visualisation of the microcirculation without the use of dyes has been possible for 

approximately 25 years within the advent of handheld microcirculatory imaging devices. In recent 

years, there has been a notable surge in interest in microcirculation, which has become a subject of 

investigation across various disciplines. The capacity to directly observe and quantify 

microcirculatory function at the bedside with the aid of handheld vital microscopes enables the 

translation of findings from basic research, ultimately benefiting patients. Furthermore, given that 

the shortcomings of macro-hemodynamic targets remain a topic of contention, the monitoring of 

microcirculation is of particular importance in order to minimise fluid administration and to avoid 

the use of unnecessary medications. 

In other words, when a microcirculation-guided therapeutic approach addresses the root causes 

of critical illnesses, physicians will be able to discern how endothelial and microvascular dysfunction 

not only contribute to organ damage but also impede treatment strategies in complex illness 

conditions. 

However, on the other side of the coin, the situation is somewhat different in the real world. 

Despite the considerable interest in microcirculation, the imaging of microcirculation and the 

evaluation of events remain outside the scope of routine clinical practice. The primary reason for this 

is that the data obtained from imaging techniques exclusively pertains to the oxygen-carrying 

capacity of the blood at the tissue level. However, the most significant shortcoming is the lack of 

assessment of the actual oxygen saturation levels in the blood that reach the cells through 

microcirculation and the cellular energy metabolism in this region. In broader terms, the viability of 

cells can be evaluated by determining the proportion of oxygen delivered to the patient that is 

delivered to the cells and the ability of these cells to utilize the oxygen supplied. The development of 

microcirculation imaging technologies in this direction may enable a reassessment of traditional 

treatment methods in pathological conditions related to emergency medicine, intensive care, surgery, 

and internal medicine. 
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