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a b s t r a c t 

Microvascular alterations were first described in critically ill patients about 20 years ago. These alterations are 
characterized by a decrease in vascular density and presence of non-perfused capillaries close to well-perfused 
vessels. In addition, heterogeneity in microvascular perfusion is a key finding in sepsis. In this narrative review, we 
report our actual understanding of microvascular alterations, their role in the development of organ dysfunction, 
and the implications for outcome. Herein, we discuss the state of the potential therapeutic interventions and 
the potential impact of novel therapies. We also discuss how recent technologic development may affect the 
evaluation of microvascular perfusion. 
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Septic shock is characterized by profound hemodynamic al-
erations that jeopardize tissue perfusion. These hemodynamic
lterations include a decrease in vasomotor tone resulting in
rterial and venous dilation, central hypovolemia resulting
rom losses (external losses as well as internal losses with
lasma leakage in capillaries with increased permeability), and
yocardial depression. [1] Most resuscitation strategies focus

n attempts to fix these alterations by administration of fluids
nd vasopressor and inotropic agents. However, even when
hese systemic alterations seem to be controlled and values of
lood pressure and cardiac output are within target, profound
lterations in tissue perfusion may persist. Persistent alterations
n tissue perfusion, detected by various clinical signs [2–5] or
iological variables such as veno-arterial differences in partial
ressure of carbon dioxide (PCO 2 ) 

[6] or lactate, [7,8] have been
ssociated with increased mortality. 

Microcirculatory alterations may contribute to these alter-
tions in tissue perfusion. The microcirculation encompasses
essels smaller than 100–150 μm and comprises resistive and
istributive arterioles, capillaries, and venules. The anatomy
nd function differ between the different vessels, with the
mallest arterioles ( < 20 μm) and capillaries being mostly re-
ponsible for tissue perfusion and oxygenation. In this narrative
eview, we discuss novelties in the assessment and management
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f microvascular alterations in critically ill patients, with a
articular emphasis on sepsis. 

ssessment of Microcirculation in Sepsis 

While alterations in microvascular perfusion have long been
hown in experimental models of sepsis, exploration of the mi-
rocirculation in humans is more complicated. With the de-
elopment of small handheld microscopes, evaluation of hu-
an microcirculation became feasible. Twenty years ago, we
rst demonstrated the occurrence of microvascular alterations

n the sublingual area in septic patients. [9] These alterations
ere characterized by a decrease in total vascular density, a
ecrease in the proportion of perfused capillaries, and hetero-
eneity between areas close by a few microns. These alterations
ere in line with alterations that have been described in exper-

mental conditions. Worldwide, multiple trials have confirmed
hese results. [10,11] Importantly, the severity of these alterations
s associated with a poor outcome. [12–16] . Interestingly, it was
hown that the proportion and density of perfused capillaries
ere lower and heterogeneity of perfusion was higher in non-

urvivors than survivors. [14] Further, the average velocity of
ed blood cells in perfused vessels did not differ between sur-
ivors and non-survivors. This finding illustrates that diffusive
xygen transport predominates over convective oxygen trans-
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Figure 1. Proportion of stopped flow, low flow, and normal flow capillaries in 
normal situation (A) and septic shock conditions (B). The proportion of capil- 
laries was computed from De Backer et al. [13] and Hilty et al. [23] 
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ort at the microcirculatory level. Importantly, the evolution of
icrovascular alterations differed between survivors who pro-

ressively improved their microcirculation in response to the
lobal management of sepsis, and non-survivors who failed
o improve their microcirculation or even further deteriorated
t. [12,15] Furthermore, the response of the microcirculation to
hese interventions was associated with evolution of organ func-
ion. [10] This finding led to the hope that these alterations are
ot permanent and that manipulating the microcirculation can
e attempted. However, these alterations were not related to the
ystemic hemodynamic alterations [13,17,18] and are induced by
ultiple factors, making it unlikely that classical hemodynamic

nterventions or a single intervention can correct microvascular
lterations. The impact of therapeutic interventions is discussed
elow. 

Given the enthusiasm regarding microvascular evaluation,
uidelines on how to evaluate and score the microcirculation
ere published 

[19] and recently updated given the fast evolution
n optics. [20] Microcirculation is usually evaluated in a semi-
uantitative method, and often offline even if it can be done
n a point-of-care manner. [21] More recently, software that can
llow a more formal classification of vascular density and the
elocity of perfused vessels has been developed. [22] By concomi-
antly analyzing vessel density and perfusion, Hilty et al. [23] 

emonstrated that it was feasible to identify different patterns
hat differentiate sepsis from other diseases associated with
icrocirculatory alterations. The authors identified that sepsis
icrocirculation is characterized by a significant number of cap-

llaries perfused at low velocities ( ∼100 μm/s), while other cap-
llaries have normal velocities (400–500 μm/s). Using another
pproach, Rovas et al. [24] further characterized the microvas-
ular alterations in septic patients: the density of microvascular
essels was markedly decreased for vessels smaller than 8 μm,
hile the velocity of red blood cells in the already perfused
essels did not differ from that of the control group patients, re-
ardless of the vessel diameter. In addition, the authors showed
hat red blood cell velocity in capillaries depended on the
elocity in nutritive capillaries, a feature not observed in con-
rols. This finding reflects the fact that perfused capillaries are
nsensitive to local variations in local oxygen demand in sepsis.

What the above studies add to previous observations of func-
ional capillary density being decreased due to the shutting
own of some capillaries, is that perfused capillaries present a
uge variability in velocities, with low-flow areas in the vicin-
ty of areas with normal velocities (Figure 1) . Whether this
ne-tuned characterization of the microcirculation with identi-
cation of low-flow perfusion in some capillaries offers clinical
enefit over manual semi-quantitative evaluation remains to be
etermined. 

Another recently proposed aspect is the possibility to better
valuate the kinetics of white blood cells in the microcircula-
ion. Intravital microscopy has long demonstrated the increase
n rolling and adhesion of white blood cells to the endothelium
n experimental sepsis or ischemia–reperfusion injury. [25] In
umans, new advances in optics have allowed the visualiza-
ion of this phenomenon. [26,27] Patients with septic shock show
reater leukocyte adhesion and rolling than healthy controls. [28] 

n addition, the number of adhering leukocytes is higher in
on-survivors than survivors. [28] Whether leukocyte kinetics
ay represent a specific target for therapy remains to be
etermined. 
125 
icrocirculatory Alterations in other Types of Critically Ill 

atients 

Occurrence of microvascular alterations was also demon-
trated in other conditions. In this section we discuss what is
imilar and what differs from the microvascular alterations in
epsis. 

ssessment of the microcirculation in coronavirus disease 

019 (COVID-19) patients 

COVID-19 is a viral infection with severe lung involvement
n the vast majority of patients admitted to the intensive care
nit (ICU). Accordingly, one may anticipate some alterations
n the microcirculation in patients with severe COVID-19. Al-
hough microvascular alterations were reported in COVID-19
atients, their nature varied. Some studies showed impaired
apillary perfusion, [29,30] while others reported that the mi-
rovascular perfusion density was increased in COVID-19. [31,32] 

he increase in microvascular density and perfusion observed in
he latter studies resembles those observed at high altitudes. [33] 

he increase in vascular density was inversely proportional to
he time under mechanical ventilation. [32] Hence, an integra-
ive view of these apparently conflicting results may be that at
he early stages, the microcirculation may adapt to the hypox-
mia experienced by the patient, as it does at high altitudes.
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t later stages of COVID-19 infection, when secondary infec-
ions occur, the microvascular alterations are similar to those
bserved in sepsis. Importantly, microvascular reactivity has
een found to be reduced in COVID-19 as in sepsis, [34] poten-
ially as a result of endothelial dysfunction related to the in-
reased inflammation. [29] Circulating cells may also play a role
n these microvascular alterations. Leukocyte activation may be
resent with increased amounts of leukocytes in post-capillary
enules. [35] Red blood cell deformability can also be impaired in
OVID-19 patients, as in septic patients. [36] In one study, while
icroaggregates of white and red blood cells were noted both

n recruited and de-recruited microcirculation, they were seen
n higher amounts in patients with de-recruited microcircula-
ion. [35] In a case report of a child presenting with multisys-
em inflammatory syndrome (MIS-C), the alterations in nailfold
icrovascular perfusion were very similar to those observed in

epsis. [37] 

ssessment of the microcirculation in non-septic conditions 

In patients with cardiogenic shock, a decrease in the propor-
ion of perfused vessels and perfused vascular density and an in-
rease in heterogeneity were observed. [38] Microvascular alter-
tions were more severe in patients with poor outcomes. [38–41] 

ifferences in microvascular perfusion between survivors and
on-survivors were observed not only at baseline [38–41] but also
t later stages when repeated measurements of the microcir-
ulation were obtained after hemodynamic stabilization. [39] In
erioperative patients, the occurrence of microvascular alter-
tions (characterized by decreased perfused vascular density)
as associated with the development of perioperative compli-

ations. [42] Anesthesia contributes to some part of these alter-
tions; however, these effects are transient, and the impact of
he superimposed surgical procedure is greater. [43] Although
ortality is minimal in this type of procedure, the severity and
uration of microvascular alterations are associated with hyper-
actatemia and organ dysfunction. [43–46] Among patients with
rauma in whom bleeding was controlled and resuscitation was
onsidered adequate based on systemic hemodynamics, more se-
ere microvascular alterations are observed in those developing
rgan dysfunction. [47] In eclampsia, microcirculatory alterations
an also be detected and the severity correlated with severity of
isease. [48] 

How can we explain the occurrence of microcirculatory alter-
tions in these various states? Many pathways similar to those
ctivated in sepsis can be activated in these conditions, even
hough the trigger is non-infectious. Among these, activation of
nflammation and coagulation are the most important and these
ccur due to ischemia–reperfusion injury in trauma, including
urgical trauma. In cardiogenic shock, activation of inflamma-
ion has been demonstrated, leading sometimes to the develop-
ent of a so-called “systemic inflammatory response syndrome

SIRS) ” component. Moreover, the impact of anesthetic or seda-
ives agents should not be neglected. In eclampsia, the common
athway is the alteration in endothelial function. Interestingly,
espite the similarities observed in the type of microvascular
lterations as well as in their impact on organ dysfunction, the
everity of the alterations is often of lower intensity than in sep-
is and septic shock. 
126 
reating the Septic Microcirculation 

Given the heterogeneous nature of microvascular alterations
n sepsis, with perfused vessels in close proximity of non-
erfused vessels, recruiting the microcirculation may be more
eneficial than just increasing total flow to the tissue. This was
ell illustrated in a mathematical model that showed a higher
xygen consumption after recruiting the non-perfused vessels
t baseline than a global increase in flow. [49] Nevertheless, the
mpact of classical resuscitation procedures should not be ne-
lected: in sepsis, the velocity of red blood cells in capillaries is
orrelated with the velocity in nutritive vessels, contrary to what
ccurs in normal conditions. [24] Hence, restoring global perfu-
ion may to some extend be beneficial in sepsis, even though it
ften fails to normalize microvascular perfusion. 

mpact of fluids 

In experimental models, fluids usually improve the microcir-
ulation in septic conditions. In septic shock patients, we pre-
iously demonstrated that fluid administration improved the
icrocirculation. [50] Importantly, even though our results were

lobally significant, there was huge individual variability. While
icrovascular perfusion improved in most patients when fluids
ere administered within the first 24 h of the recognition of

epsis, fluids failed to improve the microcirculation when ad-
inistered after 48 h. Another question relates to what the ideal

olume of fluids would be. We do not have a large enough data
et to address this question. However, in a small pilot study, the
rst bolus of fluid significantly improved microvascular perfu-
ion but not the second one, even though cardiac output further
ncreased. [51] There are several lessons from that study. First, a
inimal volume of fluid is needed to improve the microcircu-

ation, but excess volume may be useless. Some other studies
ave even shown that larger amount of fluids may be detrimen-
al to the microcirculation 

[52] and that, at later stages when fluid
ccumulation had become obvious, fluid withdrawal may im-
rove the microcirculation. [53] Second, changes in microvascu-
ar perfusion induced by fluids are independent from changes in
ystemic hemodynamics, a feature confirmed by other trials. [50] 

nterestingly, when microcirculation improved in response to
uids, this response was associated with an improvement in or-
an function 24 h later. [54] Given the variability in response to
uids, some authors have advised restricted fluid administra-
ion in patients with impaired microcirculation to guide fluid
esuscitation based on microcirculation assessment. [54,55] 

mpact of red blood cell transfusions 

While red blood cell transfusions appear to be an attractive
ption potentially improving diffusive capacity, results of clin-
cal trials in sepsis have been quite variable. [56] We observed
o overall beneficial effects of red blood cell transfusions, al-
hough some patients benefited from transfusions while others
xperienced a deterioration of their microcirculation. [57] Inter-
stingly, baseline microcirculation evaluation helped to predict
he response to transfusions, with improvement in patients with
oor microcirculation at baseline and deterioration of the mi-
rocirculation in patients with close to normal microcirculation
t baseline. The dependence of the effects of transfusions on
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he quality of microcirculation at baseline was confirmed by
everal trials. [58–60] While the age of transfused red blood cells
oes not seem to play a role, the levels of free hemoglobin in
atient blood and transfused blood may play a role: microvas-
ular perfusion increased when transfusion decreased the free
emoglobin levels in patient blood, while perfusion decreased
hen free hemoglobin levels increased. [59] In all trials, the mi-

rocirculatory effects of red blood cell transfusions were inde-
endent of hemoglobin level prior to transfusion. [57–60] 

mpact of inotropic agents 

Different inotropic agents have been used in various studies
o try to improve the microcirculation in sepsis. While dobu-
amine improved the microcirculation in experimental condi-
ions, [61] the effects in septic patients were more variable. Low-
ose dobutamine improved the microcirculation in some pa-
ients but not all, [62,63] resulting in a decrease in lactate that
as proportional to the improvement in microvascular perfu-

ion. The microcirculatory effects of dobutamine were indepen-
ent of its systemic effects. [62] Milrinone and levosimendan also
howed variable results. [64] 

mpact of vasopressor agents 

In control conditions, vasopressors impair the microcircula-
ion because of the combined constriction of resistive arterioles
nd venules, both of which decrease capillary perfusion pres-
ure. However, vasopressors are used to restore perfusion pres-
ure to the organs that are compromised by severe hypoten-
ion. In an experimental model of septic shock, administration
f norepinephrine or vasopressin both resulted in an improve-
ent in gut microvascular perfusion. [65] All organs may not be-
ave similarly. In an ovine model of septic shock, correction
f severe hypotension failed to improve the severely compro-
ised cerebral microcirculation, despite slight improvements in

erebral oxygenation. [66] There are no recent data regarding the
orrection of severe hypotension in septic shock patients. Sev-
ral trials have tested different targets of blood pressure, and
lthough they have provided inconsistent results, [67,68] target-
ng pre-disease blood pressure level is associated with a variable
ffect on microvascular perfusion. [69,70] 

mpact of vasodilatory agents 

With the initial description of the occurrence of microvas-
ular dysfunction in patients with sepsis, we demonstrated that
opical administration of acetylcholine could completely nor-
alize the microcirculation. [9] Shortly after, Spronk et al. [71] re-
orted in a pilot trial that nitroglycerin improved the microcir-
ulation. Those results were unfortunately not confirmed in a
andomized trial. [17] Other vasodilatory agents have also shown
romising results in experimental conditions. A randomized trial
esting the impact of a prostacyclin analog is currently ongo-
ng. [72] 

lternative therapies 

Given the variability of the effects of fluids and vasoactive
gents, many alternative therapies have been tested. Only a few
127 
f the most promising therapies have been discussed in this pa-
er. Ascorbate or vitamin C has been widely studied in an ex-
erimental setting. Vitamin C improved the microcirculation in
 rodent model of peritonitis even when administered 24 h after
epsis onset. [73] Interestingly, the beneficial effects of vitamin C
re achieved through the action of endothelial nitric oxide syn-
hase (NOS); the effects were absent in animals deprived of en-
othelial NOS, but these were still present in animals deprived of
ther types of NOS. [74] A pilot study reported that vitamin C ad-
inistration in patients with septic shock improved the micro-

irculation as well as mottling scores and capillary refill time. [75] 

nterestingly, the beneficial effects of vitamin C were indepen-
ent of plasma levels of vitamin C before infusion, which sug-
est that higher than normal values of vitamin C are needed to
mprove microvascular perfusion. In that pilot study, the sus-
ainability and impact of repeated infusions of vitamin C were
ot investigated. 

Another attractive pathway may be extracorporeal removal
f cytokines and other substances by cartridges. In a pilot trial
ncluding nine patients with septic shock under renal replace-
ent therapy, the addition of the CytoSorb cartridge to the sys-

em was associated with an improvement in the proportion of
erfused vessels and perfused vascular density together with a
ecrease in certain pro-inflammatory cytokines. [76] Similar re-
ults were reported in a case report by another group. [77] These
romising results require further validation in larger trials. 

he Concept of Microcirculatory Reserve 

As for many other aspects in the human body, the normal mi-
rovascular perfusion is not at its maximal value at rest. Using
opical vasodilators, it is possible to increase the density of per-
used vessels in healthy subjects with nitroglycerin but not with
cetylcholine. [78] It is also possible to increase the density of per-
used capillaries in healthy individuals by using enteral nitrite
onors. [79] In patients with septic shock, topical administration
f acetylcholine fully normalized the sublingual microcircula-
ion. [9,62] Similar effects of topical acetylcholine were observed
n cardiogenic shock. [38] Taken together, these findings suggest
hat direct administration of nitric oxide (NO) recruited the mi-
rocirculation, while acetylcholine, which requires endothelial
ctivation to release NO, is ineffective in healthy subjects but ef-
ective in disease, potentially highlighting the presence of active
eedbacks preventing recruitment of the microcirculation when
ot required by local metabolic needs. 

s the Sublingual Microcirculation Representative of other 

rgans? 

In experimental conditions, most organs are affected simi-
arly with respect to both duration and severity, so that alter-
tions in the sublingual area reflect alterations in other organs
uch as the gut or kidney. [80,81] However, other studies report
ifferent degrees of alteration in the sublingual area and skin 

[82] 

r gut. [83] Considering the available evidence, one may specu-
ate that although sepsis is associated with diffuse alterations
hat can be captured at the level of the sublingual area, more
evere alterations may sometimes be observed in certain organs
ecause of the specific local environment (local vasoconstriction
nd/or increased interstitial pressure). Given the easy access of
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he sublingual area and the close link with organ dysfunction
nd mortality, the sublingual area can be considered an excel-
ent window to investigate the microcirculation. In patients in
hom the sublingual area cannot be accessed (i.e., during non-

nvasive ventilation or due to lack of patients’ collaboration),
he conjunctival area may be considered as a surrogate. [84] 

hould We Target the Microcirculation at Bedside? 

While it appears attractive to target the microcirculation at
edside given the relevance of the implication of microvascular
lterations in the development of organ dysfunction, it may be
remature to target the resuscitation at bedside or even in clin-
cal trials. First, as described above, interventions that can con-
istently improve the microcirculation in most patients are still
acking. The effects of interventions are highly variable among
ndividuals, even when significant results have been observed
or the entire cohort. Accordingly, identifying factors associ-
ted with a positive response to the agent is crucial and not yet
roadly available. Second, it is difficult to define which target
alue should be achieved for which variable. The question re-
ains whether the functional vascular density or proportion of
erfused vessels should be targeted, along with whether hetero-
eneity should be minimized. Regarding the target value, it is
bvious that maximal perfusion should not be targeted, as per-
usion is not at its maximal value even in healthy subjects. In
hat case, can the usual values observed in critically ill patients
e used as target values or can some level of abnormality still be
ccepted? In addition, the target value may also depend on the
ime at which it is assessed. In the emergency department, many
ow acuity septic patients present microvascular alterations that
apidly resolve with basic interventions. [85] In ICU-admitted pa-
ients with more severe sepsis, the cut-off value separating sur-
ivors from non-survivors is lower just after ICU admission than
8 h later, [13] suggesting that the target value is time-dependent.
inally, and most importantly, it is challenging to know at this
tage whether we should target normalization of the microcir-
ulation or just aim for an extent of improvement and if yes, to
hich value. It would be beneficial to address these issues be-

ore designing and executing trials targeting microcirculation. 

onclusions 

While alterations in microvascular perfusion have long been
eglected owing to difficulties in bedside assessment of criti-
ally ill patients, technical developments have allowed the role
f microvascular alterations in sepsis to be demonstrated. Re-
ent developments in the analysis of images have allowed clin-
cians to understand that a significant number of capillaries are
ypoperfused in sepsis, in addition to the already known al-
erations that include stop flow capillaries and heterogeneity
n perfusion. Whether these new advances would better define
he impact of therapeutic interventions remains to be studied
urther. 
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