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Septic shock is characterized by profound hemodynamic alterations associated with organ dysfunction. These hemodynamic alterations include some degree of hypovolemia and a decrease in vascular tone and myocardial depression. 
Sepsis is associated with a decrease in capillary density in association with an increase in heterogeneity of perfusion because of the presence of intermittently or not perfused capillaries in close proximity to well perfused capillaries.
The decreased capillary density results in an increased diffusion distance for oxygen. More importantly, microvascular blood flow is heterogeneous, with perfused capillaries in close vicinity to non-perfused capillaries, leading to alterations in oxygen extraction and hypoxic zones even when total blood flow to the organ is preserved. 
Heterogeneity of microvascular perfusion is a crucial aspect. Heterogeneous perfusion leads to more severe alterations in tissue oxygenation than does homogenously decreased perfusion. 
Heterogeneity of perfusion is associated with heterogeneity in oxygenation but also with altered oxygen extraction capabilities.
Microvascular alterations can lead to cellular injury and reversal of these alterations is associated with improvement in lactate and NADH levels, suggesting that microvascular alterations directly impair tissue oxygenation. 
In addition, several trials have demonstrated an association between the severity of microvascular dysfunction and the development of organ dysfunction and mortality.
Vascular density, and especially vascular density of perfused capillaries, have been associated with outcome, as well as the heterogeneity index, but not the velocity in perfused capillaries. 
More importantly, evolution over time of these alterations also differs in patients with good or poor outcomes, rapidly improving in survivors but remaining disturbed in non- survivors, whether these patients die from acute circulatory failure or from organ failure after resolution of shock.
First, microcirculatory alterations are co-localized with low PO2 , production of hypoxia-inducible factor or redox potential in experimental conditions. Second, oxygen saturation at the capillary end of well-perfused capillaries is low, not elevated, suggesting that the tissues are using the delivered oxygen. Third, the tissue to arterial PCO2 gradient, the PCO2 gap, is increased in sepsis. Fourth, perfusion abnormalities precede alterations in organ function. Fifth, improvement in the sublingual microcirculation in response to initial resuscitation procedures was associated with an improvement of organ function 24 h later. Finally, the decrease in lactate levels is proportional to the improvement of the microcirculation during dobutamine administration.
There is an inverse relationship between the sublingual micro-vascular perfusion and PCO2 gap
Microcirculatory alterations are not the sole mechanism contributing to organ dysfunction in sepsis. Cellular metabolic alterations and in particular mitochondrial dysfunction may also contribute. Importantly, there is an interplay between hypoxia and inflammation and mitochondrial dysfunction. Limiting perfusion abnormalities is associated with reduced expression of inflammatory molecules, caspases, and mitochondrial abnormalities 
Endothelial dysfunction is one of the key mechanisms underlying these alterations. Endothelial reactivity to vasoconstrictive and vasodilating substances is decreased in sepsis, and both constriction and dilation are important for the regulation of microvascular blood flow. This aspect of endothelial involvement is illustrated by the alteration in post-ischemic hyperemic response, which is blunted in patients with sepsis. 
In addition, and perhaps more importantly, communication between endothelial cells may be altered. In normal conditions, matching of tissue perfusion with metabolism is obtained by backward communication through perivascular nerves but also by transmission of information between endothelial cells. 
The interaction between the endothelial surface and circulating cells is also impaired in sepsis. In particular, the glycocalyx is altered in sepsis. 
The glycocalyx is a thin layer of glucosaminoglycans that covers the endothelial surface and in which various substances, such as superoxide dismutase and antithrombin, are embedded. 
The glycocalyx facilitates the flow of red blood cells and limits adhesion of white blood cells and platelets to the endothelium. The size of the glycocalyx is markedly decreased in sepsis and byproducts of its degradation are found in the blood. 
Alteration in the glycocalyx layer promotes leukocyte rolling and adhesion to the endothelium. Administration of hyaluronidase, which partially destroys the glycocalyx layer, mimics sepsis-induced alterations in microcirculatory perfusion. 
Activation of coagulation may also play a key role in the pathogenesis of microcirculatory alterations even though microthrombi formation is rarely documented in experimental sepsis. 
Leukocyte and platelet rolling and adhesion to the endothelial surface is increased in sepsis which may impair the circulation of other cells. 
Red blood cells also may play a role, with alterations in red blood cell deformability impaired release of nitric oxide (NO), and/or adhesion of red blood cells to the endothelium. 
Altogether, these data suggest that multiple mechanisms are involved in the development of microvascular dysfunction, and that it is unlikely that an intervention focused on a single pathway would be effective. 
In this study:
In septic patients who have severe microvascular alterations, we demonstrated that topical administration of a large dose of acetylcholine, an endothelium-dependent vasodilating agent, restored the microcirculation to a state similar to that of healthy volunteers and non-septic ICU patients. This observation has profound implications. First, sepsis-associated microcirculatory alterations are functional and can be totally reversed. Complete obstruction of microvessels by clots is thus unlikely. Second, the endothelium, although dysfunctional, is still able to respond to a supraphysiological stimulation. These observations suggest that therapeutic interventions could be used to try to reverse these alterations. 
The mechanisms involved in microvascular alterations differ from those involved in the development of systemic hemodynamic alterations. Accordingly, it is expected that microcirculatory derangements may be present even when systemic hemodynamics are within acceptable limits. 
It should be noted that many of the mechanisms involved in microcirculatory dysfunction are probably mandatory for the control of infection. Activation of inflammation and coagulation are important for compartmentalization of infection; rolling and adhesion of white blood cells and increased permeability are needed to allow these cells to enter the tissue and kill bacteria; intravascular neutrophil extracellular traps (NETs) bind circulating bacteria and are useful for bacterial clearance even though they may impair circulation of blood cells. Hence, totally inhibiting the factors responsible for the activations of these processes does not seem to be a rational approach, rather it should be mod- ulated, to maintain a limited, beneficial level. 
Therapeutic targets for microcirculatory alterations:
Given the heterogeneous nature of the microvascular alterations, it is more important to recruit the microcirculation than to increase total flow to the organ. 
Fluids and vasoactive agents are key components of hemodynamic resuscitation, given with the aim of improving tissue perfusion. Improved cellular oxygen supply implies an improvement in microvascular perfusion. 
· Two recent trials have demonstrated that fluids can improve microvascular perfusion, increasing the proportion of perfused capillaries and decreasing perfusion heterogeneity. 
· Importantly, in both trials the micro- circulatory effects were relatively independent of the systemic effects. 
· The microcirculatory effects of fluids seem to be mostly present in the early phase of sepsis (within 24 h of diagnosis) whereas later (after 48 h) fluid administration failed to improve the microcirculation even when cardiac output increased. 
· Whether different types of fluid are associated with different microvascular responses is still debated (colloid vs crystalloid)
· The mechanisms by which fluids may improve the microcirculation are not well understood, but may be related to a decrease in viscosity, a decrease in white blood cell adhesion and rolling, or, indirectly, to a decrease in endogenous vasoconstrictive substances. 
· Vasopressor agents also have variable effects. Correction of severe hypotension does not impair and may even improve micro- vascular perfusion, probably through the restoration of organ perfusion by restoring a minimal perfusion pressure. However, increasing blood pressure further (mean arterial pressure from 65 to 75 and 85 mmHg) may not improve microvascular perfusion 

Blood transfusions
· The effects of red blood cell transfusions are variable and may depend on the severity of underlying microcirculatory alterations. 
· In patients with sepsis, transfusions failed to improve the microcirculation in the entire population; however, transfusions did improve microvascular perfusion in patients with the most severely altered microcirculation at baseline and even worsened the microcirculation in patients with microcirculation closer to normal values. 
Beta-adrenergic agents have been shown to improve micro- vascular perfusion, increasing not only convective but also diffusive transport. These effects were dissociated from the systemic effects of these agents. 
Vasodilating substances may have a role in manipulation of the microcirculation because local constriction–dilation is involved in the regulation of flow and capillary recruitment and decreased vascular density and stopped-flow capillaries may be the result of excessive vasoconstriction. Examples include acetylcholine and nitroglycerine. Accordingly, at this stage, the use of vasodilating agents cannot be recommended. One of the reasons for this relative failure is the lack of selectivity of these agents, which dilate both perfused and non-perfused vessels, thus leading to luxury perfusion of some areas and diverting flow from areas that require it most. 
Modulation of endothelial NO synthase (eNOS) appears attractive. eNOS is actively involved in the control of blood flow at the microcirculatory level, its stimulation leading to an increase in perfusion in the concerned vessels. In sepsis, eNOS may be dysfunctional, which results not only in impaired perfusion and endothelial reactivity but also in overproduction of reactive oxygen species, including peroxynitrite. Modulation of eNOS, enabling NOS to locally produce NO could thus be beneficial for tissue perfusion but also for cellular function. Tetrahydrobiopterin (BH4) is an important cofactor of endothe- lial NOS and the ratio of BH4 to dihydrobiopterin determines production of NO rather than superoxide and peroxynitrite production. Vitamin C is another agent active on eNOS, in part by increasing BH4 levels. 
Various anticoagulant agents have been shown to improve the microcirculation, including activated protein C, antithrombin and low molecular weight heparin. The anticoagulant effect seems not to be crucial for the microcirculatory effects of these agents. Some experimental data suggest that decreased white blood cell and platelet rolling and adhesion, preservation of glycocalyx size, and improvement in endothelial reactivity mechanisms involved in the improvement in microvascular perfusion induced by these agents. 

Key points:

· Microcirculatory alterations are frequent in sepsis. Even when systemic hemodynamic variables seems to have been corrected and are within therapeutic goals, signs of impaired tissue perfusion may persist. 
· Sepsis is associated with a decrease in capillary density in association with an increase in heterogeneity of perfusion because of the presence of intermittently or not perfused capillaries in close proximity to well perfused capillaries
· Endothelial dysfunction, impaired inter-cell communication, glycocalyx alterations, adhesion and rolling of white blood cells and platelets, altered red blood cell deformability are the major mechanisms involved in the development of these alterations.

· Microcirculatory alterations increase the diffusion distance for oxygen, and due to the heterogeneity of microcirculatory perfusion in sepsis, may promote development of areas of hypoxia in close vicinity to well oxygenated zones. This leads to alterations in oxygen extraction and hypoxic zones even when total blood flow to the organ is preserved.

· These alterations play an important role in the development of organ dysfunction and are not just an indication of the severity of sepsis. 

· Microvascular perfusion may be assessed by using side stream dark field microscopy
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1. List 3 major hemodynamic alterations that occur in patients with septic shock
Answer:
· Hypovolemia
· Decreased vascular tone
· Myocardial depression
2. Even when systemic hemodynamic variables seems to have been corrected and are within therapeutic goals, signs of impaired tissue perfusion may persist. T or F?
Answer: True
3. List the major mechanisms discussed in this review that are thought to contribute to the development of microcirculatory alterations in patients with sepsis.
Answer:
· Endothelial dysfunction
· impaired inter-cell communication
· glycocalyx alterations
· adhesion and rolling of white blood cells and platelets
· altered red blood cell deformability

4. What are the pathophysiologic consequences of these microcirculatory alterations (as discussed in this paper)?
Answer:
· Sepsis is associated with a decrease in capillary density in association with an increase in heterogeneity of perfusion because of the presence of intermittently or not perfused capillaries in close proximity to well perfused capillaries. Heterogeneity of the microcirculation - areas of well-perfused capillaries next to poorly perfused ones.
· Increase the diffusion distance for oxygen, and due to the heterogeneity of microcirculatory perfusion in sepsis, may promote development of areas of hypoxia in close vicinity to well oxygenated zones. 
· This leads to alterations in oxygen extraction and hypoxic zones even when total blood flow to the organ is preserved


5. What is one type of technology discussed in this paper used to evaluate microperfusion?
Answer: Side stream dark field microscopy

6. What is the glycocalyx and what are some of its functions?
Answer:
· Layer of glucosaminoglycans that covers the endothelial surface and in which various substances, such as superoxide dismutase and antithrombin, are embedded. 
· Facilitates the flow of red blood cells and limits adhesion of white blood cells and platelets to the endothelium. 

7. The size of the glycocalyx is markedly decreased in sepsis. T or F?
Answer: True

8. List some therapeutic targets for improvement in microcirculatory alterations that occur in patients with sepsis and what their suspected effects are.
Answer:
· Vasoactive agents
Vasopressor agents also have variable effects. Correction of severe hypotension does not impair and may even improve micro- vascular perfusion, probably through the restoration of organ perfusion by restoring a minimal perfusion pressure. However, increasing blood pressure further (mean arterial pressure from 65 to 75 and 85 mmHg) may not improve microvascular perfusion. Interestingly, the increase in arterial pressure impaired the sublingual micro-circulation in patients with close to normal microcirculation at baseline, whereas it was beneficial in the most severe cases. 

· Fluid therapy

The microcirculatory effects of fluids seem to be mostly present in the early phase of sepsis (within 24 h of diagnosis) whereas later (after 48 h) fluid administration failed to improve the microcirculation even when cardiac output increased.
The mechanisms by which fluids may improve the microcirculation are not well understood, but may be related to a decrease in viscosity, a decrease in white blood cell adhesion and rolling, or, indirectly, to a decrease in endogenous vasoconstrictive substances. 
· Blood cell transfusions
The effects of red blood cell transfusions are variable and may depend on the severity of underlying microcirculatory alterations. 
In patients with sepsis, transfusions failed to improve the microcirculation in the entire population; however, transfusions did improve microvascular perfusion in patients with the most severely altered microcirculation at baseline and even worsened the microcirculation in patients with microcirculation closer to normal values. 
· Beta adrenergic agonists
Increasing not only convective but also diffusive transport. These effects were dissociated from the systemic effects of these agents. 
· Vasodilating substances 
May have a role in manipulation of the microcirculation because local constriction–dilation is involved in the regulation of flow and capillary recruitment and decreased vascular density and stopped-flow capillaries may be the result of excessive vasoconstriction. Examples include acetylcholine and nitroglycerine and magnesium sulphate. Accordingly, at this stage, the use of vasodilating agents cannot be recommended. One of the reasons for this relative failure is the lack of selectivity of these agents, which dilate both perfused and non-perfused ves- sels, thus leading to luxury perfusion of some areas and diverting flow from areas that require it most. 
· Modulation of eNOS
eNOS is actively involved in the control of blood flow at the microcirculatory level, its stimulation leading to an increase in perfusion in the concerned vessels. In sepsis, eNOS may be dysfunctional, which results not only in impaired perfusion and endothelial reactivity but also in overproduction of reactive oxygen species, including peroxynitrite. Modulation of eNOS, enabling NOS to locally produce NO could thus be beneficial for tissue perfusion but also for cellular function. Tetrahydrobiopterin (BH4) is an important cofactor of endothelial NOS and the ratio of BH4 to dihydrobiopterin determines production of NO rather than superoxide and peroxynitrite production. Vitamin C is another agent active on eNOS, in part by increasing BH4 levels. 
· Various anticoagulant agents 
Have been shown to improve the microcirculation, including activated protein C, antithrombin and low molecular weight heparin. The anticoagulant effect seems not to be crucial for the microcirculatory effects of these agents: Some experimental data suggest that decreased white blood cell and platelet rolling and adhesion, preservation of glycocalyx size, and improvement in endothelial reactivity mechanisms involved in the improvement in microvascular perfusion induced by these agents. 
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