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Abstract

Multiple experimental and human trials have shown that microcirculatory alterations are frequent in sepsis. In this
review, we discuss the characteristics of these alterations, the various mechanisms potentially involved, and the
implications for therapy. Sepsis-induced microvascular alterations are characterized by a decrease in capillary
density with an increased number of stopped-flow and intermittent-flow capillaries, in close vicinity to well-
perfused capillaries. Accordingly, the surface available for exchange is decreased but also is highly heterogeneous.
Multiple mechanisms may contribute to these alterations, including endothelial dysfunction, impaired inter-cell
communication, altered glycocalyx, adhesion and rolling of white blood cells and platelets, and altered red blood
cell deformability. Given the heterogeneous nature of these alterations and the mechanisms potentially involved,
classical hemodynamic interventions, such as fluids, red blood cell transfusions, vasopressors, and inotropic agents,
have only a limited impact, and the microcirculatory changes often persist after resuscitation. Nevertheless, fluids
seem to improve the microcirculation in the early phase of sepsis and dobutamine also can improve the
microcirculation, although the magnitude of this effect varies considerably among patients. Finally, maintaining a
sufficient perfusion pressure seems to positively influence the microcirculation; however, which mean arterial
pressure levels should be targeted remains controversial. Some trials using vasodilating agents, especially
nitroglycerin, showed promising initial results but they were challenged in other trials, so it is difficult to
recommend the use of these agents in current practice. Other agents can markedly improve the microcirculation,
including activated protein C and antithrombin, vitamin C, or steroids. In conclusion, microcirculatory alterations
may play an important role in the development of sepsis-related organ dysfunction. At this stage, therapies to
target microcirculation specifically are still being investigated.

Introduction
Sepsis is associated with high mortality. Multiple mechan-
isms may contribute to sepsis-associated organ dysfunc-
tion, which is related to altered tissue perfusion, especially
in the early stages, and to direct alterations in cellular
metabolism. The importance of rapid correction of perfu-
sion abnormalities has lead to the concept of early goal-
directed therapy, which has been shown to improve the
outcome of patients with septic shock [1]. However, even
when global hemodynamics are optimized, alterations in
the microcirculation can still be present and can contri-
bute to perfusion alterations [2]. Indeed, the microcircula-
tion is responsible for fine-tuning tissue perfusion and

adapting it to metabolic demand. Experimental and, more
recently with development of new techniques that allow
direct visualization of the microcirculation [3], clinical evi-
dence indicate that microcirculatory alterations occur in
severe sepsis and septic shock and that these alterations
may play a role in the development of organ dysfunction.
In this review, we will discuss the relevance of these
sepsis-associated microcirculatory alterations, the mechan-
isms involved in their development and potential
therapies.

Methods to evaluate microcirculation in humans
Several methods can be used to evaluate microcirculation
in septic patients [3]. Two techniques are currently used
to evaluate microcirculation at bedside: Sidestream Sark
Field imaging technique (SDF) and near infrared spectro-
scopy (NIRS). SDF is a small handheld microscope that
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illuminates the field by light reflection from deeper
layers. Vessels are visualized as the selected wavelength is
absorbed by the hemoglobin contained in the red blood
cells.
Orthogonal Polarization Spectral imaging technique

(OPS) was based on a similar principle but is no longer
available. The technique is limited by the fact that it can
only be applied on superficial tissues covered by a thin
epithelium (mostly the sublingual area) and it requires
collaboration or sedation of the patient. In addition,
great care should be taken to discard secretions and to
limit pressure artifacts.
NIRS utilizes near-infrared light to measure oxy- and

deoxy-hemoglobin in tissues and to calculate StO2 (tissue
oxygen saturation, measured by NIRS in thenar emi-
nence). In fact, StO2 represents the oxygen saturations of
all vessels with a diameter less than 1 mm (arterioles,
capillaries, and venules) comprised in the sampling
volume, with venules accounting for 75% of the blood
volume. Basal StO2 is of limited interest, because there is
a huge overlap between StO2 values obtained in septic
patients and in intensive care unit (ICU) controls or
healthy volunteers. StO2 also differs from central venous
O2 saturation (ScvO2) in sepsis. The analysis of changes
in StO2 during a brief episode of forearm ischemia enables
quantification of microvascular reserve. Several indices can
be measured, but the ascending slope, or recovery slope, is
the easiest to measure and is the most reproducible. At
the present time, both SDF and NIRS are mostly used for
research purposes.

Microcirculatory alterations are observed in severe sepsis
Multiple investigations in various experimental models
have shown that sepsis is associated with a decrease in
capillary density in association with increased heteroge-
neous perfusion in visualized capillaries, such that capil-
laries with intermittent or no flow are found in close
proximity to well-perfused capillaries [4-7]. Importantly,
capillaries in which there is no flow at a given time may be
well perfused a few minutes later, and perfused vessels
may later have no flow. The microcirculation is a very
dynamic process, and space and time heterogeneity are
increased in septic conditions. These alterations have been
observed in different models of sepsis, including those cre-
ated by administration of endotoxin or live bacteria and
bacterial peritonitis [5,6,8], in all organs investigated,
including the skin, tongue [6], gut [6,7], liver [4], and even
the brain [8], and in all species that have been investigated,
from rodents [5,9] to large animals [6,8]. Hence, these
changes seem to be ubiquitous and to have common
pathophysiologic mechanisms.
In patients with severe sepsis and septic shock, we first

demonstrated that microcirculatory perfusion is altered in
a similar way to that occurring in experimental conditions

[2]. Compared with healthy volunteers and ICU controls,
patients with severe sepsis have a decrease in vascular den-
sity together with an increased number of capillaries with
stopped or intermittent flow. Importantly, these alterations
can be fully reversed by topical application of acetylcho-
line, indicating that microthrombi are not an essential
component. Since this early study, more than 25 studies
from different teams around the world have shown similar
results (Table 1).

Relevance of sepsis-associated microcirculatory
alterations
Because the microcirculation is essentially adaptive, it is
important to understand whether the sepsis-associated
alterations are the primary event leading to cellular dys-
function or whether the changes in perfusion reflect
directly altered cellular metabolism (adaptive theory). In
experimental conditions, it has been possible to link
microvascular impairment to signs of tissue hypoxia:
colocalization of low PO2, production of hypoxia induci-
ble factor [10] or redox potential [11] with hypoperfused
vessels suggest that the altered perfusion leads to tissue

Table 1 Studies that have reported alterations in
sublingual microcirculation in patients with severe sepsis
and septic shock

Reference No. of
patients

Intervention

De Backer et al. AJRCCM 2002 50 Topical acetylcholine

Spronk et al. Lancet 2002 6 Nitroglycerin

Sakr et al. CCM 2004 49 Sequential
assessment

De Backer et al. CCM 2006 22 Dobutamine

De Backer et al. CCM 2006 40 Activated protein C

Creteur et al. ICM 2006 18 Dobutamine

Boerma et al. CCM 2007 23 Sequential
assessment

Trzeciak et al. Ann Emerg Med
2007

26 None

Sakr et al. CCM 2007 35 Transfusions

Trzeciak et al. ICM 2008 33 Goal directed therapy

Boerma et al. ICM 2008 35 None

Jhanji et al. ICM 2009 16 Norepinephrine

Dubin et al. Crit Care 2009 20 Norepinephrine

Buchele et al. CCM 2009 20 Hydrocortisone

Boerma et al. CCM 2010 70 Nitroglycerin

Ospina et al. ICM 2010 60 Fluids

Spanos et al. Shock 2010 48 None

Pottecher et al. ICM 2010 25 Fluids

Morelli et al. Crit Care 2010 40 Levosimendan

Ruiz et al. Crit Care 2010 12 High flow
hemofiltration

Dubin et al. J Crit Care 2010 20 Fluids

Morelli et al. ICM 2011 20 Terlipressin
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dysoxia and not the reverse. In addition, oxygen satura-
tion at the capillary end of well-perfused capillaries is
low, suggesting that the tissues are using the delivered
oxygen.
In septic patients, microcirculatory alterations are

more severe in nonsurvivors than in survivors [2]. By
sequentially assessing the sublingual microcirculation in
patients with septic shock, Sakr et al. [12] observed that
the microcirculation is rapidly improved in survivors,
whereas in nonsurvivors it remained disturbed, whether
these patients died from acute circulatory failure or
later, after resolution of shock, from organ failure. Simi-
lar results were recently observed in children with septic
shock [13]. Trzeciak et al. [14] also observed that early
(within 3 h) improvement of sublingual microcirculation
in response to resuscitation procedures was associated
with an improvement of organ function at 24 h, whereas
patients whose microcirculation did not improve experi-
enced a worsening of organ function.

Mechanisms involved in the regulation of
microcirculatory perfusion in normal conditions
Tissue perfusion is determined by vascular density–the
diffusive component–and by flow–the convective compo-
nent. Capillary density increases in response to chronic
hypoxia [15] or during training [16]. In exercise, the maxi-
mal oxygen consumption is proportional to muscle capil-
lary density. However, this adaptative process may take
several weeks to occur. In more acute situations, there is a
small reserve for capillary recruitment, mostly because a
few capillaries are shut down at baseline. Compared with
baseline, the heterogeneity of the microcirculation
increased by close to 10% during hypoxia or hemorrhage
[7].
How do capillary flow and density adapt in normal con-

ditions? In healthy conditions, the microcirculation is
responsible for fine-tuning of perfusion to meet local
oxygen requirements. This is achieved by recruiting and
derecruiting capillaries, shutting down or limiting flow in
capillaries that are perfusing areas with low oxygen require-
ments and increasing flow in areas with high oxygen
requirements. This process implies local control of flow,
which needs to be driven by backward communication.
Indeed, release of vasoactive or hormonal substances can
only lead to downstream adaptation, but it is upstream
adaptation that is required. Two mechanisms may help
with this local communication: perivascular sympathetic
nerves [17], which mostly influence the control of arteriolar
tone, and backward communication along the endothe-
lium, mediated by endothelial cells themselves. In addition,
red blood cells may act as intravascular sensors [18]. The
decrease in oxygen saturation that occurs as a result of
oxygen offloading causes the local release of nitric oxide,
leading to capillary dilation at the site where it is needed.

What drives blood flow in the capillaries? According to
Poiseuille’s law, flow in a capillary is proportional to the
driving pressure (ΔP) and to the fourth power of the
capillary radius (r), and inversely proportional to capillary
length (L) and blood viscosity (h):

Capillary flow = πr4�P/8Lη

Because capillary length and viscosity cannot be
actively manipulated, capillary flow can only be adapted
by local dilation and increased driving pressure. Because
capillaries are situated downstream of resistive arterioles,
an increase in driving pressure can only be obtained by
vasodilation of resistive arterioles. Hence, in normal
conditions, the organism is continuously fine-tuning
microvascular density and flow by subtle dilation/con-
striction of selected arterioles and capillaries.
Importantly, it should be remembered that capillary

hematocrit is less than systemic hematocrit, due to the
necessary presence of a plasma layer at the endothelial
surface. Accordingly, hematocrit is proportional to capil-
lary radius, so vasodilation will markedly increase local
oxygen delivery as the result of a combined increase in
flow and in oxygen content.
Finally, it should be noted that adaptation of capillary

perfusion at the organ level does not depend on sys-
temic arterial pressure and cardiac output but, of course,
will result in increased cardiac output if venous return
increases as a result of a major increase in capillary
flow, as during exercise or feeding.

Mechanisms that may be involved in the development of
microcirculatory alterations in sepsis
Several mechanisms are implicated, including endothelial
dysfunction, altered balance between levels of vasocon-
strictive and vasodilating substances, glycocalyx altera-
tions, and interactions with circulating cells (Figure 1).
The crucial issue is to understand which are the major
mechanisms that contribute to the microvascular altera-
tions present in septic conditions and, more importantly,
whether these could be improved with therapy.
Multiple studies have shown that endothelial dysfunc-

tion occurs in sepsis, as evidenced by a decreased sensi-
tivity to vasoconstricting but also vasodilating agents.
However, most of these trials used large arteries, up to
first-order arterioles, and it is not known to what extent
the findings may apply to more distal arterioles and capil-
laries. In addition, communication between endothelial
cells may be altered. Experimentally, Tyml et al. [19]
showed that the communication rate between microves-
sels 500 microns apart was markedly impaired. The study
of postischemic hyperemia provides some indirect evi-
dence that endothelial dysfunction may play a role. Using
laser Doppler and NIRS techniques, several authors have
reported that the postischemic hyperemic response is
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blunted in patients with sepsis and that these alterations
are related to the severity of organ dysfunction [20] and
outcome [21].
The interaction between the endothelial surface and cir-

culating cells also is impaired in sepsis. First, the size of
the glycocalyx is markedly decreased [22]. The glycocalyx
is a layer of glucosaminoglycans that covers the endothe-
lial 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. Interestingly, destruction of the glycocalyx
layer by hyaluronidase can mimic sepsis-induced microcir-
culatory alterations [23].
Activation of coagulation may play a key role in the

pathogenesis of microcirculatory alterations [5,24]. In
mice challenged with endotoxin, fibrin deposition
occurred in a significant proportion of capillaries; the addi-
tion of anticoagulant factor decreased the number of non-
perfused capillaries, whereas the number was increased
after the addition of procoagulant factors [5]. However,
microthrombi formation is infrequently observed in
experimental sepsis [4].
Finally, circulating cells have a key role in these altera-

tions. Leukocyte rolling and adhesion to the endothelial
surface is increased in sepsis [4]. Importantly, this does
not only occur at the venular but also at the capillary
level [5]. In addition to locally contributing to further
activation of the coagulation and inflammatory cascades,
the presence of sticking or rolling leukocytes impairs the

circulation of other cells. Administration of selectins
decreased the adhesion and rolling of white blood cells
and improved microvascular perfusion [5]. Adhesion and
rolling of platelets also contributes to microcirculatory
alterations [4,5]. Finally, red blood cells can contribute to
microcirculatory alterations as a consequence of altera-
tions in red blood cell deformability [25], impaired
release of nitric oxide, and/or adhesion of red blood cells
to the endothelium [26].

Potential therapeutic interventions
It is crucial to understand that, given the heterogeneous
nature of the microvascular alterations, it is more impor-
tant to recruit the microcirculation than to increase total
flow to the organ. Ideally, the intervention should affect
one or several of the mechanisms involved in the develop-
ment of these microvascular alterations. Nevertheless,
most interventions that are currently used for their impact
on systemic hemodynamics also may somewhat influence
the microcirculation.

Interventions used to manipulate systemic hemodynamics
Fluids and vasoactive agents are key components of hemo-
dynamic resuscitation, with the goal of improving tissue
perfusion. However, 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 per-
fused capillaries and decreasing perfusion heterogeneity
[27,28]. Importantly, in both trials the microcirculatory

Figure 1 Principal mechanisms implicated in the development of microcirculatory alterations.
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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 diagno-
sis), whereas later (after 48 h) fluid administration failed to
improve the microcirculation even when cardiac output
increased [27]. Whether different types of fluid result in
different microvascular responses is still debated. In some
experimental conditions, colloids may increase microcir-
culatory perfusion more than crystalloids [29], but this dif-
ference has not been confirmed in septic patients [27].
The mechanisms by which fluids may improve the micro-
circulation are not well understood but may be related to
a decrease in viscosity, to a decrease in white blood cell
adhesion and rolling, or, indirectly, to a decrease in endo-
genous vasoconstrictive substances. Whether the effects of
fluids, when observed, will persist or be transient, and also
whether this effect can be “saturable,” i.e., only the initial
effects would be beneficial while further administration of
fluids would have minimal effect, requires further study.
This “saturable” effect is suggested by the observations of
Pottecher et al. [28] who reported that the first bolus of
fluids improved microvascular perfusion, whereas the sec-
ond had no effect even though cardiac output increased
further.
The effects of red blood cell transfusions also seem to

be quite variable. In one trial, although the effects in the
entire population were negligible, transfusions did
improve microvascular perfusion in patients with the
most severely altered microcirculation at baseline [30].
Beta-adrenergic agents have been shown to improve

microvascular perfusion, increasing not only convective
but also diffusive transport [31,32]. These effects were
dissociated form the systemic effects of these agents [31].
Because capillaries do not have beta-adrenergic receptors,
these effects may be mediated by a decrease in white
blood cell adhesion, as beta-adrenergic receptors are pre-
sent on the surface of white blood cells.
Vasopressor agents also have variable effects. Correction

of severe hypotension does not impair and may even
improve microvascular perfusion [33,34] probably through
the restoration of the perfusion of the organs through
achievement of a minimal perfusion pressure. However,
increasing blood pressure further (mean arterial pressure
from 65 to 75 and 85 mmHg) may fail to improve micro-
vascular perfusion. Of note, these data were obtained in
small cohort of patients and individual response was pro-
vided a huge interindividual variability was observed
[35,36]. Interestingly, the increase in arterial pressure
impaired the sublingual microcirculation in patients with
close to normal microcirculation at baseline, whereas it
was beneficial in the most severe cases [36].
Altogether, these data suggest that classical hemody-

namic interventions have variable effects on microvascu-
lar alterations in sepsis and that these effects cannot be

predicted from the evolution of systemic hemodynamics.
Often these alterations persist after systemic hemody-
namic optimization.

Other agents
Many other agents have been tested, especially in
experimental conditions. We will discuss the effects of
some of these agents, which either illustrate the implica-
tions of specific mechanisms affecting the microcircula-
tion or have promising effects.
Vasodilators
Because local constriction-dilation is implicated in the
regulation of flow and capillary recruitment and because
decreased vascular density and stopped-flow capillaries
may be the result of excessive vasoconstriction, vasodilat-
ing substances may have a role in manipulation of the
microcirculation. In patients with severe sepsis 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 nonseptic ICU patients [2]. This observa-
tion 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 may be
dysfunctional but is still able to respond to supraphysio-
logical stimulation. An important limitation of this find-
ing was that we were unable to ensure that excessive
vasodilation did not occur, leading to unnecessary high
perfusion to some areas with low metabolic rate. As the
agent was applied topically, perfusion pressure to the
organ was preserved; systemic administration of vasodi-
lating agents may not have the same effects.
In a small series of patients, Spronk et al. [37] reported

in a research letter that nitroglycerin administration
rapidly improved the microcirculation. These results were
challenged by a randomized trial that included 70 patients
with septic shock [38] and failed to show any difference in
the evolution of the microcirculation with nitroglycerin
compared to placebo. Does this second trial close the
issue? Probably not, as essential differences exist between
the studies. In particular, Spronk et al. [37] assessed the
microcirculation 2 min after administration of a bolus
dose of 0.5 mg of nitroglycerin while Boerma et al. [38]
evaluated the microcirculation 30 min after initiation of a
continuous infusion of 4 mg/h (0.07 mg/min). Dosing may
be crucial, as illustrated in cardiogenic shock [39], but one
should not neglect the fact that these effects may be very
transient. Finally, one should note that the microcircula-
tion was minimally altered at baseline in the trial by
Boerma et al. [38], as the proportion of perfused capillaries
was already normal (98%), leaving no room for further
improvement. Other vasodilating agents have been used,
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especially in experimental models. Salgado et al. [40]
recently evaluated the effects of angiotensin converting
enzyme inhibition in an ovine model of septic shock. The
sublingual microcirculation was slightly less severely
altered in treated animals compared with controls, but
these effects were not accompanied by an improvement in
organ function. Accordingly, at this stage, the use of vaso-
dilating agents cannot be recommended. One of the rea-
sons for this relative failure is the lack of selectivity of
these agents, which dilate both perfused and nonperfused
vessels, thereby possibly leading to luxury perfusion of
some areas.
Anticoagulant agents
Activated protein C has repeatedly been shown to improve
the microcirculation in different experimental models and
in various organs [22,41,42]. Similar results were observed
in a controlled but not randomized trial, which showed
that the sublingual microcirculation improved already 4
hours after initiation of therapy, whereas it remained
stable in controls [43]. Similar beneficial results were
observed with antithrombin in experimental conditions
[44]. The anticoagulant effect seems not to be involved in
the microcirculatory effects of these agents. Indeed a mod-
ified antithrombin, deprived of its ligation site for the
endothelium but with preserved anticoagulant activity,
failed to improve the microcirculation in endotoxic ani-
mals [44]. In addition, hirudin, a pure thrombin inhibitor,
did not improve the microcirculation of septic animals
[45]. What then could be the mechanisms involved in the
beneficial effects of these agents? Decreased white blood
cell and platelet rolling and adhesion [41,42], preservation
of glycocalyx size [22], and improvement in endothelial
reactivity [46] are the most likely mechanisms.
Steroids
Hydrocortisone is frequently used as an adjunctive ther-
apy in patients with septic shock. Hydrocortisone facili-
tates weaning of vasopressor agents. Hydrocortisone may
induce some degree of arteriolar vasoconstriction and
this could alter capillary perfusion. It also may improve
endothelial function and thereby ameliorate the distribu-
tive defect. In healthy volunteers in whom endothelial
venular dilation is impaired by local cytokine infusion,
hydrocortisone administration can rapidly reverse this
phenomenon [47]. In 20 patients with septic shock,
Buchele et al. [48] observed that hydrocortisone
improved microvascular perfusion slightly. This effect
was already observed 1 hour after hydrocortisone admin-
istration and persisted during the entire observation per-
iod. Interestingly, these effects were independent of any
change in arterial pressure.
Among the proposed mechanisms, steroids may

improve endothelial function [47], preserve the glycoca-
lyx [49], or decrease rolling and adhesion of white blood
cells to the endothelium [50].

Vitamin C and tetrahydrobiopterin
Vitamin C and tetrahydrobiopterin have many impor-
tant actions, including the correct function of endothe-
lial nitric oxide synthase. Deficiency of both these
substances may occur in sepsis. In rodents, administra-
tion of vitamin C improved microcirculatory perfusion,
increasing capillary density and decreasing the number
of stopped flow capillaries [9,51]. Importantly these
beneficial results persisted even when vitamin C was
administered up to 24 h after the initiation of sepsis
[9]. Similar beneficial effects have been observed with
tetrahydrobiopterin [5,51]. These promising results
need to be confirmed in large animal models and in
humans.

Conclusions
Multiple experimental and clinical trials have shown that
microcirculatory alterations occur in sepsis and that these
may play a role in the development of organ dysfunction.
These alterations are characterized by a decrease in capil-
lary density and in heterogeneity of capillary perfusion
with stopped-flow capillaries in close vicinity to well-per-
fused capillaries. Various mechanisms can be implicated in
the development of these alterations, including endothelial
dysfunction and failure of communication between
endothelial cells, glycocalyx alterations, and altered inter-
actions between the endothelium and circulating cells.
Given the heterogeneous aspect of microcirculatory perfu-
sion and the mechanisms involved in the development of
these alterations, it is expected that classical hemodynamic
interventions will only minimally affect the microcircula-
tion. Vasodilating agents have been suggested to influence
the microcirculation, but their administration may be lim-
ited by the risk of hypotension and their lack of selectivity,
potentially leading to luxury perfusion. Other interven-
tions are currently in the pipeline, most of these aimed at
modulating endothelial function.

Authors’ contributions
DDB drafted the manuscript. The manuscript was revised for important
intellectual content by KD, FST, GOT, DS, and JLV. All authors read and
approved the final manuscript.

Competing interests
Daniel De Backer and Jean-Louis Vincent have received honoraria for
lectures and research grants from Eli Lilly. The other authors declare that
they have no competing interests.

Received: 27 May 2011 Accepted: 19 July 2011 Published: 19 July 2011

References
1. Rivers E, Nguyen B, Havstadt S, Ressler J, Muzzin A, Knoblich B, Peterson E,

Tomlanovich M: Early goal-directed therapy in the treatment of severe
sepsis and septic shock. N Engl J Med 2001, 345:1368-1377.

2. De Backer D, Creteur J, Preiser JC, Dubois MJ, Vincent JL: Microvascular
blood flow is altered in patients with sepsis. Am J Respir Crit Care Med
2002, 166:98-104.

De Backer et al. Annals of Intensive Care 2011, 1:27
http://www.annalsofintensivecare.com/content/1/1/27

Page 6 of 8

http://www.ncbi.nlm.nih.gov/pubmed/11794169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11794169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091178?dopt=Abstract


3. De Backer D, Ospina-Tascon G, Salgado D, Favory R, Creteur J, Vincent JL:
Monitoring the microcirculation in the critically ill patient: current
methods and future approaches. Intensive Care Med 2010, 36:1813-1825.

4. Croner RS, Hoerer E, Kulu Y, Hackert T, Gebhard MM, Herfarth C, Klar E:
Hepatic platelet and leukocyte adherence during endotoxemia. Crit Care
2006, 10:R15.

5. Secor D, Li F, Ellis CG, Sharpe MD, Gross PL, Wilson JX, Tyml K: Impaired
microvascular perfusion in sepsis requires activated coagulation and
P-selectin-mediated platelet adhesion in capillaries. Intensive Care Med
2010, 36:1928-1934.

6. Verdant CL, De Backer D, Bruhn A, Clausi C, Su F, Wang Z, Rodriguez H,
Pries AR, Vincent JL: Evaluation of sublingual and gut mucosal
microcirculation in sepsis: a quantitative analysis. Crit Care Med 2009,
37:2875-2881.

7. Farquhar I, Martin CM, Lam C, Potter R, Ellis CG, Sibbald WJ: Decreased
capillary density in vivo in bowel mucosa of rats with normotensive
sepsis. J Surg Res 1996, 61:190-196.

8. Taccone FS, Su F, Pierrakos C, He X, James S, Dewitte O, Vincent JL, De
Backer D: Cerebral microcirculation is impaired during sepsis: an
experimental study. Crit Care 2010, 14:R140.

9. Tyml K, Li F, Wilson JX: Delayed ascorbate bolus protects against
maldistribution of microvascular blood flow in septic rat skeletal muscle.
Crit Care Med 2005, 33:1823-1828.

10. Bateman RM, Tokunaga C, Kareco T, Dorscheid DR, Walley KR: Myocardial
hypoxia-inducible HIF-1{alpha}, VEGF and GLUT1 gene expression is
associated with microvascular and ICAM-1 heterogeneity during
endotoxemia. Am J Physiol Heart Circ Physiol 2007, 293:H448-H456.

11. Kao R, Xenocostas A, Rui T, Yu P, Huang W, Rose J, Martin CM:
Erythropoietin improves skeletal muscle microcirculation and tissue
bioenergetics in a mouse sepsis model. Crit Care 2007, 11:R58.

12. Sakr Y, Dubois MJ, De Backer D, Creteur J, Vincent JL: Persistant
microvasculatory alterations are associated with organ failure and death
in patients with septic shock. Crit Care Med 2004, 32:1825-1831.

13. Top AP, Ince C, de Meij N, van Dijk M, Tibboel D: Persistent low
microcirculatory vessel density in nonsurvivors of sepsis in pediatric
intensive care. Crit Care Med 2011, 39:8-13.

14. Trzeciak S, McCoy JV, Phillip DR, Arnold RC, Rizzuto M, Abate NL, Shapiro NI,
Parrillo JE, Hollenberg SM: Early increases in microcirculatory perfusion
during protocol-directed resuscitation are associated with reduced
multi-organ failure at 24 h in patients with sepsis. Intensive Care Med
2008, 34:2210-2217.

15. Saldivar E, Cabrales P, Tsai AG, Intaglietta M: Microcirculatory changes
during chronic adaptation to hypoxia. Am J Physiol Heart Circ Physiol 2003,
285:H2064-H2071.

16. Hepple RT, Mackinnon SL, Goodman JM, Thomas SG, Plyley MJ: Resistance
and aerobic training in older men: effects on VO2 peak and the capillary
supply to skeletal muscle. J Appl Physiol 1997, 82:1305-1310.

17. Hungerford JE, Sessa WC, Segal SS: Vasomotor control in arterioles of the
mouse cremaster muscle. FASEB J 2000, 14:197-207.

18. Dietrich HH, Ellsworth ML, Sprague RS, Dacey RG Jr: Red blood cell
regulation of microvascular tone through adenosine triphosphate. Am J
Physiol Heart Circ Physiol 2000, 278:H1294-H1298.

19. Tyml K, Wang X, Lidington D, Ouellette Y: Lipopolysaccharide reduces
intercellular coupling in vitro and arteriolar conducted response in vivo.
Am J Physiol Heart Circ Physiol 2001, 281:H1397-H1406.

20. Doerschug KC, Delsing AS, Schmidt GA, Haynes WG: Impairments in
microvascular reactivity are related to organ failure in human sepsis. Am
J Physiol Heart Circ Physiol 2007, 293:H1065-H1071.

21. Creteur J, Carollo T, Soldati G, Buchele G, De Backer D, Vincent JL: The
prognostic value of muscle StO(2) in septic patients. Intensive Care Med
2007, 33:1549-1556.

22. Marechal X, Favory R, Joulin O, Montaigne D, Hassoun S, Decoster B,
Zerimech F, Neviere R: Endothelial glycocalyx damage during
endotoxemia coincides with microcirculatory dysfunction and vascular
oxidative stress. Shock 2008, 29:572-576.

23. Cabrales P, Vazquez BY, Tsai AG, Intaglietta M: Microvascular and capillary
perfusion following glycocalyx degradation. J Appl Physiol 2007,
102:2251-2259.

24. De Backer D, Donadello K, Favory R: Link between coagulations
abnormalities and microcirculatory dysfunction in critically ill patients.
Curr Opin Anaesthesiol 2010, 22:150-154.

25. Piagnerelli M, Boudjeltia KZ, Vanhaeverbeek M, Vincent JL: Red blood cell
rheology in sepsis. Intensive Care Med 2003, 29:1052-1061.

26. Eichelbronner O, Sielenkamper A, Cepinskas G, Sibbald WJ, Chin-Yee IH:
Endotoxin promotes adhesion of human erythrocytes to human vascular
endothelial cells under conditions of flow. Crit Care Med 2000,
28:1865-1870.

27. Ospina-Tascon G, Neves AP, Occhipinti G, Donadello K, Buchele G,
Simion D, Chierego M, Oliveira Silva T, Fonseca A, Vincent JL, et al: Effects
of fluids on microvascular perfusion in patients with severe sepsis.
Intensive Care Med 2010, 36:949-955.

28. Pottecher J, Deruddre S, Teboul JL, Georger J, Laplace C, Benhamou D,
Vicaut E, Duranteau J: Both passive leg raising and intravascular volume
expansion improve sublingual microcirculatory perfusion in severe
sepsis and septic shock patients. Intensive Care Med 2010, 36:1867-1874.

29. Hoffmann JN, Vollmar B, Laschke MW, Inthorn D, Schildberg FW,
Menger MD: Hydroxyethyl starch (130 kD), but not crystalloid volume
support, improves microcirculation during normotensive endotoxemia.
Anesthesiology 2002, 97:460-470.

30. Sakr Y, Chierego M, Piagnerelli M, Verdant C, Dubois MJ, koch M, Creteur J,
Gullo A, Vincent JL, De Backer D: Microvascular response to red blood cell
transfusion in patients with severe sepsis. Crit Care Med 2007,
35:1639-1644.

31. De Backer D, Creteur J, Dubois MJ, Sakr Y, Koch M, Verdant C, Vincent JL:
The effects of dobutamine on microcirculatory alterations in patients
with septic shock are independent of its systemic effects. Crit Care Med
2006, 34:403-408.

32. Secchi A, Wellmann R, Martin E, Schmidt H: Dobutamine maintains
intestinal villus blood flow during normotensive endotoxemia: an
intravital microscopic study in the rat. J Crit Care 1997, 12:137-141.

33. Nakajima Y, Baudry N, Duranteau J, Vicaut E: Effects of vasopressin,
norepinephrine and L-arginine on intestinal microcirculation in
endotoxemia. Crit Care Med 2006, 1752-1757.

34. Georger JF, Hamzaoui O, Chaari A, Maizel J, Richard C, Teboul JL: Restoring
arterial pressure with norepinephrine improves muscle tissue
oxygenation assessed by near-infrared spectroscopy in severely
hypotensive septic patients. Intensive Care Med 2010, 36:1882-1889.

35. Deruddre S, Cheisson G, Mazoit JX, Vicaut E, Benhamou D, Duranteau J:
Renal arterial resistance in septic shock: effects of increasing mean
arterial pressure with norepinephrine on the renal resistive index
assessed with Doppler ultrasonography. Intensive Care Med 2007,
33:1557-1562.

36. Dubin A, Pozo MO, Casabella CA, Palizas F Jr, Murias G, Moseinco MC,
Kanoore Edul V, Palizas F, Estenssoro E, Ince C: Increasing arterial blood
pressure with norepinephrine does not improve microcirculatory blood
flow: a prospective study. Crit Care 2009, 13:R92.

37. Spronk PE, Ince C, Gardien MJ, Mathura KR, Oudemans-van Straaten HM,
Zandstra DF: Nitroglycerin in septic shock after intravascular volume
resuscitation. Lancet 2002, 360:1395-1396.

38. Boerma EC, Koopmans M, Konijn A, Kaiferova K, Bakker AJ, Van Roon EN,
Buter H, Bruins N, Egbers PH, Gerritsen RT, et al: Effects of nitroglycerin on
sublingual microcirculatory blood flow in patients with severe sepsis/
septic shock after a strict resuscitation protocol: A double-blind
randomized placebo controlled trial. Crit Care Med 2010, 38:93-100.

39. den Uil CA, Caliskan K, Lagrand WK, van der Ent M, Jewbali LS, van Kuijk JP,
Spronk PE, Simoons ML: Dose-dependent benefit of nitroglycerin on
microcirculation of patients with severe heart failure. Intensive Care Med
2009, 35:1893-1899.

40. Salgado DR, He X, Su F, de Sousa DB, Penaccini L, Maciel LK, Taccone F,
Rocco JR, Silva E, De Backer D, et al: Sublingual Microcirculatory Effects of
Enalaprilat in an Ovine Model of Septic Shock. Shock 2011.

41. Gierer P, Hoffmann JN, Mahr F, Menger MD, Mittlmeier T, Gradl G,
Vollmar B: Activated protein C reduces tissue hypoxia, inflammation, and
apoptosis in traumatized skeletal muscle during endotoxemia. Crit Care
Med 2007, 35:1966-1971.

42. Gupta A, Berg DT, Gerlitz B, Sharma GR, Syed S, Richardson MA, Sandusky G,
Heuer JG, Galbreath EJ, Grinnell BW: Role of protein C in renal dysfunction
after polymicrobial sepsis. J Am Soc Nephrol 2007, 18:860-867.

43. De Backer D, Verdant C, Chierego M, koch M, Gullo A, Vincent JL: Effects of
Drotecogin Alfa Activated on microcirculatory alterations in patients
with severe sepsis. Crit Care Med 2006, 34:1918-1924.

De Backer et al. Annals of Intensive Care 2011, 1:27
http://www.annalsofintensivecare.com/content/1/1/27

Page 7 of 8

http://www.ncbi.nlm.nih.gov/pubmed/20689916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16420661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19770750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19770750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8769965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8769965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8769965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20667108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20667108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16096461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16096461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17509156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17509156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15343008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15343008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15343008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21076287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21076287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21076287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18594793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18594793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18594793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14561680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14561680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9104869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9104869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9104869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10627294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10627294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10749727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10749727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11514312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11514312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483235?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483235?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17572876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17572876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18414231?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18414231?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18414231?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347383?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347383?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12802488?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12802488?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10890634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10890634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20221744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20221744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20725823?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20725823?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20725823?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12151938?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12151938?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17522571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16424721?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16424721?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20689910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17486316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17486316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17486316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19534818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19534818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19534818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12423989?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12423989?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19730258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19730258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19730258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19730258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19639300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19639300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17568327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17568327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17301189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17301189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16715034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16715034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16715034?dopt=Abstract


44. Hoffmann JN, Vollmar B, Romisch J, Inthorn D, Schildberg FW, Menger MD:
Antithrombin effects on endotoxin-induced microcirculatory disorders
are mediated mainly by its interaction with microvascular endothelium.
Crit Care Med 2002, 30:218-225.

45. Hoffmann JN, Vollmar B, Inthorn D, Schildberg FW, Menger MD: The
thrombin antagonist hirudin fails to inhibit endotoxin-induced
leukocyte/endothelial cell interaction and microvascular perfusion
failure. Shock 2000, 14:528-534.

46. Donati A, Romanelli M, Botticelli L, Valentini A, Gabbanelli V, Nataloni S,
Principi T, Pelaia P, Bezemer R, Ince C: Recombinant activated protein C
treatment improves tissue perfusion and oxygenation in septic patients
measured by near-infrared spectroscopy. Crit Care 2009, 13(Suppl 5):S12.

47. Bhagat K, Vallance P: Inflammatory cytokines impair endothelium-
dependent dilatation in human veins in vivo. Circulation 1997,
96:3042-3047.

48. Buchele GL, Silva E, Ospina-Tascon G, Vincent JL, De Backer D: Effects of
hydrocortisone on microcirculatory alterations in patients with septic
shock. Crit Care Med 2009, 37:1341-1347.

49. Chappell D, Hofmann-Kiefer K, Jacob M, Rehm M, Briegel J, Welsch U,
Conzen P, Becker BF: TNF-alpha induced shedding of the endothelial
glycocalyx is prevented by hydrocortisone and antithrombin. Basic Res
Cardiol 2009, 104:78-89.

50. Cronstein BN, Kimmel SC, Levin RI, Martiniuk F, Weissmann G: A
mechanism for the antiinflammatory effects of corticosteroids: the
glucocorticoid receptor regulates leukocyte adhesion to endothelial cells
and expression of endothelial-leukocyte adhesion molecule 1 and
intercellular adhesion molecule 1. Proc Natl Acad Sci USA 1992,
89:9991-9995.

51. Tyml K, Li F, Wilson JX: Septic impairment of capillary blood flow requires
NADPH oxidase but not NOS and is rapidly reversed by ascorbate
through an eNOS-dependent mechanism. Crit Care Med 2008,
36:2355-2362.

doi:10.1186/2110-5820-1-27
Cite this article as: De Backer et al.: Microcirculatory alterations:
potential mechanisms and implications for therapy. Annals of Intensive
Care 2011 1:27.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

De Backer et al. Annals of Intensive Care 2011, 1:27
http://www.annalsofintensivecare.com/content/1/1/27

Page 8 of 8

http://www.ncbi.nlm.nih.gov/pubmed/11902265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11902265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11092685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11092685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11092685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11092685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19951384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19951384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19951384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9386173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9386173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19326575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19326575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19326575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1279685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1279685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1279685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1279685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1279685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596627?dopt=Abstract
http://www.springeropen.com/
http://www.springeropen.com/

	Abstract
	Introduction
	Methods to evaluate microcirculation in humans
	Microcirculatory alterations are observed in severe sepsis
	Relevance of sepsis-associated microcirculatory alterations
	Mechanisms involved in the regulation of microcirculatory perfusion in normal conditions
	Mechanisms that may be involved in the development of microcirculatory alterations in sepsis
	Potential therapeutic interventions
	Interventions used to manipulate systemic hemodynamics
	Other agents
	Vasodilators
	Anticoagulant agents
	Steroids
	Vitamin C and tetrahydrobiopterin


	Conclusions
	Authors' contributions
	Competing interests
	References

