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The Microcirculation in Hemorrhagic Shock 

A. Harrois, S. Tanaka, and J. Duranteau 

 

Introduction 

Hemorrhagic shock is characterized by both macrovascular hemodynamic abnor-
malities (decreased venous return, decreased cardiac output and systemic hypoten-
sion) and alterations of the microcirculation. The microcirculation is a critical 
component of the cardiovascular system, which regulates flow to the tissues. Sev-
eral studies have shown a significant decrease in microvascular blood flow in 
various organs during the acute phase of hemorrhagic shock and resuscitation 
[1–4]. Persistence of these microvascular alterations is believed to be a contribut-
ing factor to the development of organ dysfunction. The pathogenesis of the mi-
crovascular alterations involves both vascular and cellular components. In current 
clinical practice, guidelines for resuscitation are provided by monitoring macrocir-
culatory variables, such as arterial blood pressure, heart rate, and cardiac output. 
However, whether these resuscitation procedures are effective in restoring organ 
microcirculation remains to be elucidated. The purpose of this review is to focus 
on the mechanisms involved in the development of microvascular alterations in 
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hemorrhagic shock and to discuss the potential therapeutic implications for resus-
citation in hemorrhagic shock. 

Cardiovascular Response in Hemorrhagic Shock 

In the acute phase of hemorrhage, macrovascular and microvascular responses 
rapidly act to compensate for the loss of blood volume and to limit tissue hypoxia. 

Macrovascular Response 

The macrovascular compensatory mechanism involves the autonomic nervous 
system. Decreases in venous return and arterial pressure lead to unloading of 
cardiopulmonary and arterial baroreceptors inducing a decrease in the activation 
of the vasomotor inhibitory center in the brainstem, which leads to activation of 
the sympathetic center and inhibition of vagal activity (sinoatrial node). The in-
creased activity of the sympathetic nerves produces an increase in heart rate, 
cardiac contractility and arterial and venous tone with an activation of the renin-
angiotensin-aldosterone system. The magnitude of the compensatory vasocon-
striction that follows is the net result of the interaction of the effects of norepi-
nephrine (from the peripheral nerves) and epinephrine (from the adrenal medulla) 
on the peripheral vascular adrenoreceptors, and nonadrenergic mechanisms (i. e., 
angiotensin and vasopressin). Arterial vasoconstriction rapidly decreases non-vital 
organ blood flow (musculocutaneous, splanchnic and renal blood flow) to main-
tain perfusion pressure and blood flow to vital organs (the heart and the brain). It 
is important to keep in mind that the sympathetic stimulation exerts both arterial 
and venous α-adrenergic stimulation [5]. Indeed, in addition to its arterial vaso-
constricting action, the sympathetic stimulation induces venoconstriction (spe-
cially in splanchnic circulation) enhancing a shift of splanchnic blood volume to 
the systemic circulation [6]. This venous adrenergic stimulation may recruit blood 
from the venous unstressed volume helping to maintain venous return and cardiac 
output [6]. 

Microvascular Response 

The microcirculation regulates the distribution of blood flow throughout individ-
ual organs to provide adequate oxygen delivery (DO2) for the oxygen demands of 
every cell within an organ. In order to achieve this, the microcirculation responds 
to changes in metabolic demand by limiting blood flow in microvascular units 
with low oxygen demand and increasing blood flow in microvascular units with 
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high oxygen demand. This microvascular heterogeneity of blood flow is an essen-
tial property of normal microcirculatory perfusion to provide adequate DO2 for the 
tissue. During hemorrhagic shock, in addition to the macrovascular distribution of 
arterial blood flow at the expense of non-vital organs, blood flow is redistributed 
within the capillary networks of each organ according to arteriolar and capillary 
resistances, rheologic factors and oxygen demand. Increase in arteriolar and capil-
lary resistances associated with unfavorable rheologic factors takes blood flow 
away from microvascular units with low oxygen demands and non-essential cell 
functions. The microvascular units where the blood flow is reduced most severely 
might adjust their function and their energy utilization to prevent hypoxia. This 
down-regulation of cellular metabolism is called conformance or hibernation [7]. 
The possible involvement of such a mechanism may limit tissue hypoxia. How-
ever, the observed increase in lactate level during the acute phase of hemorrhagic 
shock indicates the limits of this adaptative metabolic down-regulation. 

The microvascular response to the decrease in DO2 in microvascular units with 
high oxygen demand involves several compensatory mechanisms to increase oxy-
gen extraction and maintain tissue oxygenation. Two major mechanisms have 
been proposed to account for the local oxygen delivery regulation: Regulation of 
arteriolar tone and control of the functional surface area for oxygen exchange. 

Regulation of the Arteriolar Tone 

Arterioles dilate in response to decreased tissue PO2 to increase perfusion and 
DO2. The arteriolar tone is the net result of the interaction of the autonomic nerv-
ous system, vasoactive substances in the blood (catecholamines, angiotensin and 
vasopressin) and local regulation of arteriolar tone. Local regulation of arteriolar 
tone is a crucial factor in microvascular regulation to match oxygen supply to 
oxygen demand. Several mechanisms contribute to the local regulation of arterio-
lar tone, including response to intraluminal pressure (myogenic response), shear 
stress on the endothelial cells (shear-dependent response), and tissue metabolite 
concentrations (metabolic response). 

The vascular myogenic response refers to the intrinsic ability of a blood vessel 
to constrict to an increase in intraluminal pressure or dilate to a decrease in in-
traluminal pressure. The vasodilation induced by shear stress (nitric oxide [NO]-
dependent mechanism) is dependent on endothelial sensing/transduction of the 
shear induced by blood flow. The proposed mechanosensors on the luminal sur-
face of the endothelium include components of the glycocalyx (glycoproteins and 
proteoglycans), stretch-activated ion channels, cytoskeletal rearrangements and 
cell-cell and cell-extracellular matrix connections [8]. 

The metabolic response allows the vascular tone to adapt to cellular oxygen 
demand. During hemorrhagic shock, the decrease in DO2 limits the production of 
adenosine 5′ triphosphate (ATP) and adenosine 5′ diphosphate (ADP) accumulates 
because its stock is not completely rephosphorylated with a resulting accumulation 
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of ADP and its degradation products (adenosine 5′ monophosphate [AMP], adeno-
sine). Furthermore, glycolysis is activated with a production of lactate and hy-
drogen ion. Adenosine, lactate and hydrogen ions are arteriolar vasodilators and 
contribute to the close link between metabolite production and tissue oxygena-
tion. CO2 is also a powerful vasodilator, which accumulates when there is an 
increase in cellular metabolism or reduced clearance of CO2 during tissue hypo-
perfusion. 

Finally, an increasingly important role in the regulation of the microvascular 
tone and in the matching of oxygen supply to oxygen demand is being attributed 
to the red blood cell (RBC) and the hemoglobin molecule. Ellsworth et al. [9, 10] 
suggest that the RBC behaves as a mobile oxygen-sensor and controls vascular 
tone by means of release of ATP. ATP is released from erythrocytes in response 
to mechanical deformation of the membrane, to exposure to low PO2 associated 
with a decrease in the hemoglobin oxygen saturation within erythrocytes, and to 
receptor-mediated activation of erythrocyte membrane-bound ß-adrenergic recep-
tors or prostacyclin receptors. The erythrocyte-derived ATP can then interact with 
endothelial purinergic receptors, inducing release of vasodilator mediators. This 
vasodilation is conducted in a retrograde fashion, resulting in increased blood 
flow (oxygen supply) to areas of increased oxygen demand. Certainly this con-
cept still needs to be confirmed, but it is an attractive track to explain the mi-
crovascular response to oxygen demand. Other mechanisms involving the eryth-
rocyte in the regulation of the vascular tone have been proposed. Stamler et al. 
proposed that the erythrocyte could regulate DO2 through the transport of NO in a 
protected form as S-nitrosothiol (SNO) [11, 12]. This vasorelaxant moiety is 
released by hemoglobin when the hemoglobin oxygen saturation falls in response 
to an increase in local oxygen demand. Finally, another hypothesis has been pro-
posed in which deoxyhemoglobin would function as a nitrite reductase to trans-
form nitrite (NO2

−) into NO with resulting vasodilatory action [13, 14]. The pos-
sible involvement of other oxygen sensors, such as cytochrome oxidase or 
NADPH oxidase, is interesting, but requires further work to establish their respec-
tive contribution. 

Control of Functional Surface Area for Oxygen Exchange 

To maintain tissue oxygenation despite the decrease in DO2, there is an immediate 
need to extract more oxygen from the incoming blood. Oxygen extraction depends 
on the incoming blood flow (convective oxygen transport determined mainly by 
arteriolar tone) and on the functional surface area for oxygen exchange (diffusive 
oxygen transport) related to the number of RBCs and the number of perfused 
capillaries. Thus, oxygen extraction is facilitated by a high capillary density which 
increases the surface area for oxygen exchange and reduces capillary-to-mitochon-
drial diffusion distances (Fig. 1). 



The Microcirculation in Hemorrhagic Shock 281 

Capillary bed

Increase in functional capillary density – capillary recruitment
Decrease in capillary-to-mitochondrial diffusion distances

Decrease in blood flow heterogeneity 

Arteriolar tone Collecting venule

Arteriolar vasodilation

 

Fig. 1 Schematic representation of the microvascular response to a decrease in oxygen delivery 
in microvascular units with high oxygen demands 

This high capillary density can be achieved by recruiting capillaries (i. e., initia-
tion of RBC flux in previously non-flowing capillaries). However, in some mi-
crovascular beds, such as skeletal muscle or myocardium microcirculation, it has 
been reported that most capillaries may sustain RBC flux at rest and capillary 
recruitment does not appear to be requisite for the increase in oxygen extraction 
[15, 16]. So, in these microcirculations, the oxygen extraction is mainly dependent 
on the distribution of RBC within the previously flowing capillaries. Recruitment 
is then more a longitudinal recruitment (along the vessel) than a recruitment of 
new capillaries [16]. Capillary resistance and rheologic factors (blood viscosity 
and RBC deformability) determine the RBC distribution within the capillary bed 
[17, 18]. These factors play a crucial role in determining capillary homogeneity 
and functional capillary density, especially at low flow states [19]. During the 
acute phase of hemorrhagic shock, the decrease in capillary pressure will cause 
increased net fluid absorption with fluid shift from the interstitium to the vascular 
compartment helping to restore blood volume. This effect associated with hemodi-
lution during the resuscitation phase could theoretically decrease blood viscosity 
and contribute to decrease the heterogeneity of RBC distribution. However, during 
the late phase of hemorrhagic shock, the inflammatory process can induce fluid 
leakage with fluid shift to the interstitial compartment resulting in an increase in 
viscosity and heterogeneity of RBC distribution [20, 21]. 
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Alterations of the Microcirculation in Hemorrhagic Shock 

Despite efficient microvascular adaptative mechanisms, when the blood loss is 
severe enough, alterations of microcirculatory blood flow and tissue oxygenation 
have been described in various experimental models of hemorrhagic shock. Pro-
gressive decrease in cardiac output and oxygen delivery induces a progressive 
decrease in capillary blood flow, RBC velocities and functional capillary density 
with an increase in flow heterogeneity [4, 22]. These microvascular alterations are 
more pronounced in non-vital organ microcirculations (splanchnic, renal and mus-
culocutaneous microcirculations) and in microvascular units with low oxygen de-
mand and non-essential cell functions. Increase in RBC aggregation causing blood 
flow slowing with intermittent/no flow capillaries and ‘plasmatic’ capillaries con-
tribute to the increased heterogeneity (Fig. 2) [2]. There is evidence that hemor-
rhagic shock impairs RBC deformability and causes RBC cellular damage [23, 24]. 
These microvascular alterations are associated with a decrease in microvascular 
PO2 through convective arteriovenous shunting, direct diffusion of oxygen from 
arterioles to venules lying in close proximity to each other, and functional shunt-
ing of disadvantaged microcirculatory units [25, 26]. 

In septic shock, alteration of microcirculatory blood flow is a major patho-
physiological feature. Microvascular density and microvascular blood flow are 
both reduced in association with an increased heterogeneous perfusion in septic 
patients [27, 28]. Moreover, the degree of microvascular impairment has a prog-
nostic value since it worsens in non-surviving septic patients compared to those 
who ultimately overcome their septic episode [29]. Early systemic hemodynamic 
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Fig. 2 Illustration of potential mechanisms involved in the development of microvascular altera-
tions in hemorrhagic shock 
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resuscitation of septic patients may improve the time-course of microcirculatory 
dysfunction and eventually patient outcome. However, even when systemic hemo-
dynamic alterations seem to be reversed with fluid resuscitation and vasoactive 
agents, significant alterations in the microcirculation may persist and participate in 
the development of multiple organ failure. Therefore in septic shock, relationships 
between macrovascular hemodynamic and microcirculatory changes during resus-
citation are complex (global hemodynamics do not necessarily reflect regional 
microcirculation) with a critical disorder of the microcirculation. Nakajima et al. 
[30] compared microvascular perfusion in intestinal villi in mouse models of sep-
tic shock and hemorrhagic shock. These authors demonstrated that, after one hour 
at the same level of hypotension (mean arterial pressure [MAP] ≈ 40 mm Hg), 
mucosal perfusion disorders were considerably more pronounced in endotoxin-
induced hypotension than in hemorrhagic hypotension. RBC velocity was main-
tained in hemorrhagic shock but not during endotoxic shock. During the initial 
phase of hemorrhagic shock, the microvasculature was still able to regulate mi-
crovascular perfusion, but during sepsis the regulatory response was impaired. 
Similar results were achieved by Fang et al. [3], who found that impaired buccal 
capillary blood flow in septic animals (cecal ligation and perforation) was more 
severe than that in hemorrhagic animals with the same level of hypotension. In 
addition, major findings reported by these authors were that the impaired buccal 
capillary blood flow was similar in both types of shock for the same reduction in 
cardiac index and that significantly improved global hemodynamics after fluid 
resuscitation did not effectively improve the buccal capillary blood flow in septic 
shock, in contrast to the hemorrhagic shock condition during which buccal capil-
lary blood flow was significantly improved. Therefore, microvascular alterations 
are closely related to macrocirculatory variables (especially cardiac index and 
DO2) during hemorrhage and resuscitation [3, 31]. Hence, fluid resuscitation, 
associated with blood transfusion, is the major therapy to improve the microcircu-
lation in hemorrhagic shock. In this respect, Legrand et al. [26] reported that cor-
recting arterial blood pressure and cardiac index with only fluid resuscitation was 
not a guarantee for providing sufficient oxygen and correct shock-induced micro-
circulatory hypoxia. Only transfusion of blood associated with fluid resuscitation 
was able to improve tissue oxygenation [26]. Blood transfusion has to be consid-
ered early during the management of hemorrhagic shock to improve microvascular 
DO2 and match oxygen supply to oxygen demand. 

Even if a considerable part of the microvascular alterations during hemorrhagic 
shock are closely related to a decrease in DO2, other factors could be involved in 
addition to hemodynamic factors; these include changes in the microvascular 
endothelium, leukocyte adherence to venules, interstitial and endothelial edema, 
RBC alterations, and coagulation activation (Fig. 2). During the resuscitation 
phase of hemorrhagic shock, neutrophil rolling and adherence to postcapillary 
venules is enhanced with leukocyte plugging and resulting increase in vascular 
resistances [1]. In addition, generation of reactive oxygen species (ROS) precedes 
leukocyte adherence following hemorrhagic shock and promotes endothelial dys-
function with an increase in microvascular permeability and tissue edema, which 
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may lead to alterations in oxygen diffusion [32]. Machiedo et al. [24] reported that 
transfusion of RBCs from trauma/hemorrhagic shock rats into naïve rats led to 
impaired microcirculatory flow to several important organs, including the lungs, 
spleen, ileum, and cecum, as well as deleterious systemic hemodynamic effects 
with reduced cardiac output. The role of these factors tends to increase with the 
degree of inflammation. Presumably, when the inflammatory response is marked 
(e. g., severe or sustained hemorrhagic shock, traumatic hemorrhagic shock or 
associated hypoxemia), sepsis-like microvascular alterations with persistent altera-
tions may be observed despite adequate macrovascular resuscitation and associ-
ated with organ dysfunction. This possibility is supported by studies documenting 
that microcirculatory alterations partly persist after resuscitation despite correction 
of macrovascular parameters. For example, persistent decreased microcirculatory 
PO2 values have been reported despite an adequate macrovascular resuscitation 
[25, 26]. 

It should be stressed that observations about alterations of the microcirculation 
in hemorrhagic shock are mainly derived from experimental models during the 
acute phase of resuscitation. Thus, assessing microvascular alterations in hemor-
rhagic shock patients seems urgent. 

Implications for Resuscitation of Patients 
with Hemorrhagic Shock 

Objectives of Fluid Resuscitation 

In hemorrhagic shock, the therapeutic priority is to stop the bleeding as quickly as 
possible. A critical element in the resuscitation of patients with hemorrhagic shock 
is to prevent a potential increase of bleeding by being too aggressive. Indeed, fluid 
resuscitation may promote coagulopathy by diluting coagulation factors and favor-
ing hypothermia. Moreover, an excessive arterial pressure can favor bleeding by 
preventing clot formation. Two concepts have emerged in recent years: The con-
cept of ‘low volume resuscitation’ and that of ‘hypotensive resuscitation’. Often 
these two concepts are merged. Indeed, the fluid resuscitation strategy and the 
blood pressure target are two associated elements during hemorrhagic shock re-
suscitation. Several experimental studies have suggested that limited administra-
tion of fluids with a low blood-pressure level as an endpoint may decrease bleed-
ing without the associated increased risk of death, if lasting for a short period of 
time [33, 34]. Recently, Li et al. reported that a target resuscitation pressure of 50–
60 mm Hg was the ideal blood pressure for uncontrolled hemorrhagic shock in rats 
[35]. Ninety minutes of permissive hypotension is the tolerance limit and 120 min 
of hypotensive resuscitation can cause a significant alteration in mitochondrial 
function and severe organ damage and should be avoided [35]. Therefore, the 
initial objective is to control bleeding as soon as possible and to maintain a mini-
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mal arterial pressure to limit tissue hypoxia, inflammation and organ dysfunction. 
European guidelines for the management of the bleeding trauma patient recom-
mend a target systolic blood pressure of 80 to 100 mm Hg in the acute phase of hem-
orrhagic shock until major bleeding has been stopped [36]. However, the optimal 
level of blood pressure during resuscitation of patients with hemorrhagic shock is 
still debated and we need more experimental and clinical studies to evaluate the 
consequences of hypotensive resuscitation on the microcirculation and tissue oxy-
genation. It appears crucial to develop bedside devices to assess microcirculatory 
perfusion or tissue oxygenation to better titrate the hemodynamic resuscitation 
strategy during hemorrhagic shock. 

It is important to remember that restoration of the microcirculation implies not 
only restoration of blood volume to enhance organ perfusion, but also restoration 
of the functional capillary density. In this respect, it is crucial to test the influence 
of the currently used therapies (i. e., fluids, vasopressors and transfusion) on func-
tional capillary density. 

Fluid Resuscitation and Vasoactive Agents 

Hypertonic saline (HTS) has been proposed as an interesting tool to improve the 
microcirculation in trauma hemorrhagic shock. It has been reported in experimen-
tal studies that resuscitation with HTS improves intestinal perfusion associated 
with selective arteriolar vasodilation of distal premucosal arterioles (A3), decreases 
interstitial and endothelial edema and prevents leukocyte adhesion to postcapillary 
venules and hemorrhagic shock-induced inflammation [1, 37]. However, despite 
these microvascular beneficial effects, fluid resuscitation with HTS failed to im-
prove outcomes in trauma patients with hemorrhagic shock in recent studies [38, 
39]. Moreover, there was a higher mortality rate in patients receiving HTS who 
did not receive any blood transfusion in the first 24 hours. To explain this effect, 
the authors evoked the possibility that out-of-hospital administration of HTS could 
mask the signs of hypovolemia and delay the diagnosis of hemorrhagic shock. 

In the context of restoring functional capillary density, a new approach to fluid 
resuscitation is based on fluid with high viscosity in order to increase plasma vis-
cosity and wall shear stress with NO production causing microcirculatory vaso-
dilation with resulting capillary recruitment. Cabrales et al. suggested that hem-
orrhagic shock resuscitation (hamster window model) with polyethylene glycol 
(PEG)-conjugated bovine serum albumin provides early and long-term sustained 
systemic and microvascular recovery compared to hydroxyethyl starch (HES) [40]. 
Recently in the same model, Villela et al. reported that increasing blood and 
plasma viscosities during hemorrhage resuscitation with increased viscosity Ring-
er’s lactate (addition of 0.3 % alginate) significantly improved arteriolar diameter 
and venular flow and maintained functional capillary density [41]. It is obvious 
that this concept has to be confirmed but thinking about the rheological properties 
of fluids could generate new ways of improving the microcirculation. 
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Vasopressor agents may be transiently required in hemorrhagic shock to main-
tain tissue perfusion in the presence of life-threatening hypotension, even when 
fluid expansion is in progress and hypovolemia has not yet been corrected. The 
microvascular effects of vasopressors in hemorrhagic shock are still under debate. 
More works will be required to establish the net microvascular effect of vasopres-
sors during resuscitation of hemorrhagic shock patients. It is conceivable that 
correction of hypotension by vasopressors may improve microvascular perfusion 
by increasing the driving pressure of capillary beds [42, 43]. 

Transfusion 

As previously mentioned, early administration of RBCs is a priority to maintain 
arterial DO2 and to restore effective microcirculation and tissue oxygenation 
[25, 26]. An increasing body of data suggests that RBC plays a crucial role as 
an oxygen sensor in the regulation of microvascular tone and in the matching of 
oxygen supply to oxygen demand. Therefore, blood transfusion may improve 
microvascular DO2 not only as an oxygen carrier but also as an oxygen sensor 
that improves functional capillary density by interfering with local microvascu-
lar control [44, 45]. This finding is important because a better understanding of 
the role of the RBC could change transfusion strategy and influence recom-
mended optimal hemoglobin levels in hemorrhagic shock; moreover, it may be 
relevant to assess the impact of the quality of transfused RBCs on the microcir-
culation [46]. 

Conclusion 

In hemorrhagic shock, a considerable part of the microvascular alterations are 
closely related to macrocirculatory variables (especially DO2). Other factors could 
be involved in addition to macrohemodynamic factors. These include changes in 
the microvascular endothelium, leukocyte adherence to postcapillary venules, in-
terstitial and endothelial edema, RBC deformability alterations, and coagulation 
activation. Restoration of the microcirculation after hemorrhagic shock has to 
focus on improvement in the functional capillary density within the organ. In this 
respect, it is crucial to test the influence of currently used therapies in hemorrhagic 
shock (i. e., fluids, vasopressors and transfusion) on functional capillary density. It 
is important to develop bedside devices to assess microcirculatory perfusion and 
tissue oxygenation to better titrate the hemodynamic resuscitation strategy during 
hemorrhagic shock. Understanding the impact of currently used therapies in hem-
orrhagic shock is the first step toward developing interventions that target micro-
circulatory perfusion. 
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