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Introduction

Because no blood is stored in the heart [1], cardiac out-
put can only increase significantly when venous return
increases cardiac filling [2]. The venous system serves
as a large low-pressure reservoir through which blood
is returned to the heart and may contain as much as
75 % of the total blood volume [3, 4]. Active and passive
changes of venous vascular tone alter the quantity of ve-
nous blood, which thereby alters cardiac preload. The
peripheral circulation, therefore, plays an essential role
in the regulation of cardiac output [5]. In critically ill pa-
tients circulatory homeostasis may be disrupted by fac-
tors that primarily diminish venous return or those that
impair compensatory responses which restore cardiac
preload.

REVIEW

The importance of the peripheral
circulation in critical illnesses

In this article we examine the forces that govern ve-
nous return. We review the relative importance of the
peripheral resistance and capacitance vessels for the res-
toration of cardiac preload and blood pressure during
circulatory disturbances. We also analyze the effect on
venous return of specific problems inherent to critical
illnesses. Based on these considerations, we discuss ther-
apeutic rationales for patients whose cardiovascular ho-
meostasis is in jeopardy.

Vascular control mechanisms

The forces driving venous return

The driving force for venous return is the pressure gra-
dient between the peripheral veins and the right atrium
(Fig. 1a, b). The pressure in the periphery is the mean
circulatory filling pressure, which is conceptualized as
the pressure distending the vasculature when the heart
is stopped (zero flow) and the pressures in all segments
of the circulation have equalized. The mean circulatory
filling pressure, which is normally in the range of
8-10 mmHg, is an indicator of the balance between the
size of the vascular space and the volume of fluid in the
vasculature[6, 7]. Hence, vascular tone or elastic recoil
and the blood volume are primary determinants of the
mean circulatory filling pressure.

Several terms are required to describe the capaci-
tance, i.e. the overall pressure-volume relationship of
the vasculature. The amount of blood that can be ac-
commodated in the vasculature at zero transmural pres-
sure is referred to as the unstressed volume, which may
account for 3/4 of the total blood volume in the normal
circulation. (Just as the lungs can contain some air
when they collapse (zero distending pressure), there
can be blood in the vasculature when the transmural
pressure is zero.) The additional blood in the circula-
tion, known as the stressed vascular volume, causes the
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Fig.1 a Diagram showing the relationship between unstressed
vascular volume, stressed vascular volume and mean circulatory
filling pressure under normal conditions and three states in which
mean circulatory filling pressure is increased. The mean circulato-
ry filling pressure (indicated by the height of the arrow) is deter-
mined by the capacitance of the vasculature and the intravascular
volume (unstressed + stressed volume). Mean circulatory filling
pressure increases (dashed arrow): (a) when compliance is de-
creased, (b) when unstressed volume is decreased (thereby in-
creasing stressed volume) and (c) with volume infusion. b Pres-
sure-volume relationship of the vasculature showing the effects of
decreased unstressed volume, decreased compliance and volume
infusion on mean circulatory filling pressure. The normal state is

shown by the curve to the right. The large volume in the circulation
when pressure is O represents the unstressed volume. When more
volume (stressed volume) fills the circulation, the pressure increas-
es at a rate determined by the vascular compliance. For the normal
state (Fig. 1a), an * denotes the initial mean circulatory filling pres-
sure (also shown by the height of the solid arrow along the y-axis).
When compliance decreases, the mean circulatory filling pressure
increases and follows a steeper than normal pressure-volume rela-
tionship. When unstressed volume is decreased, blood is shifted in-
creasing the stressed volume and, thereby, raising mean circulatory
filling pressure. When volume is infused, stressed volume rises as
does mean circulatory filling pressure
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pressure to increase to the mean circulatory filling pres-
sure. The term compliance describes the changes in
(stressed) volume with respect to changes in pressure
and is a measure of vascular distensibility. Accordingly,
capacitance depends on both the unstressed volume
and the compliance of the vasculature. The unstressed
volume resides predominantly in the venous system be-
cause veins are 30-50 times more compliant than arter-
ies. Thus, the capacitance of the vascular space is largely
determined by the veins.

The anatomic site where vascular pressure is equiva-
lent to the mean circulatory filling pressure under dy-
namic conditions is generally believed to be in the post-
capillary small venules; this segment in the circulation
contains the largest fraction of total blood volume. Ei-
ther an increase in venous capacitance (venodilatation)
or a reduction in blood volume can decrease mean cir-
culatory filling pressure. Interestingly, the mean circula-
tory filling pressure does not change with flow, although
the distribution of the blood among the various com-
partments changes.

For practical purposes right atrial pressure is identical
to central venous pressure. Right atrial pressure serves
both as the back-pressure for venous return and as the
filling pressure of the right heart. (It is important to re-
member that the pleural pressure surrounding the heart
is sub-atmospheric in the spontaneously breathing sub-
ject, so that the transmural pressure of the right atrium
is greater than right atrial pressure, referenced to atmo-
sphere). When right atrial pressure decreases relative to
mean circulatory filling pressure, e.g. by an increase in
cardiac contractility that decreases end-diastolic volume
and pressure, venous return increases to restore the fill-
ing pressure [6].

Venous return is not only influenced by the pressure
gradient, it is also affected by the resistance to venous
blood flow. A change in the dimension of vessels can
change capacitance and resistance simultaneously and
disproportionately because the volume (V) contained in
a blood vessel is related to the second power of its radius
(r) (V ar?), whereas resistance (R) is related to the fourth
power of radius (R a 1/r*). For this reason, the conse-
quences of venoconstriction are not easy to predict.
Both the resultant decrease in capacitance and the asso-
ciated increase in mean circulatory filling pressure could
augment venous return. However, increased venous re-
sistance may oppose this effect. Alterations on the arteri-
al side of the circulation may then be needed to sustain
blood flow when the venous tone is increased [3, 4, 6, 7].

Baroreflex control
Cardiac filling pressures are sensed by low-pressure

stretch- or mechanoreceptors across the wall of the right
atrium and the pulmonary artery. A reduction in cardiac

blood volume decreases the firing rate of afferent vagal
fibers to the central nervous system where they sustain
a tonic inhibition of sympathetic outflow to the vascula-
ture [8, 9]. Thus, when venous return decreases, reduced
atrial stretch and lower transmural pressures disinhibit
sympathetic activity and this increases arterial vasomo-
tor and venomotor tone [10, 11, 12]. When cardiac pre-
load is decreased further, the hemodynamic adaptation
mediated by the low-pressure baroreceptors will not
suffice to prevent a drop in pulse pressure and eventual-
ly mean arterial pressure will also decrease. This stimu-
lates arterial “high-pressure” baroreceptors located in
the carotid sinus and the aortic arch. In response, sym-
pathetic outflow to the heart and the peripheral circula-
tion is increased causing tachycardia, increased myocar-
dial contractility and additional vasoconstriction, partic-
ularly in the splanchnic circulation. These reflex re-
sponses serve to restore mean arterial pressure and to
decrease venous capacitance by mechanisms described
below.

Active and passive control of venous capacitance

Active venoconstriction occurs in response to adrener-
gic stimulation of venous smooth muscle via neural or
humoral pathways [11]. The most richly innervated
veins are those in the splanchnic and cutaneous circula-
tion whereas muscle veins appear to respond less to
adrenergic stimuli [3, 12]. Since the cutaneous veins are
primarily subservient to thermoregulatory reflexes, the
splanchnic circulation may well be the only site where
significant active venoconstriction occurs for restoration
of cardiac preload [3, 10]. There is no evidence that ve-
noconstriction ever occurs independently of arterial
vasoconstriction [13]. In fact, sustained isolated veno-
constriction might be detrimental to venous return be-
cause it would cause an increased resistance to venous
blood flow, thereby reducing venous return, and a rise
in upstream pressure, thereby facilitating fluid extrava-
sation from the capillaries [3, 14]. These adverse conse-
quences could be minimized by simultaneous constric-
tion of small venules and arterial resistance vessels,
which will prevent the engorgement of the capacious
postcapillary vessels and promote the transfer of blood
toward the heart [10]. In this manner, active changes in
capacitance, through vaso-and venoconstriction, can in-
crease mean circulatory filling pressure (Fig. la, b).
The net result is a rise in venous return despite the in-
crease in venous resistance.

Because the vasculature is not composed of rigid
pipe but has elastic properties, changes in flow or vascu-
lar resistance have an important impact on the distribu-
tion of blood volume. The volume contained in a vessel
is dependent on the balance between the intravascular
or distending pressure and the elastic recoil forces.
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Fig.2 The effect of a change of flow on distending pressure. The
elastic properties of the venous system result in flow-dependent
changes of the contained volume. Upper panel: The inflow and
outflow pressure determine the distending pressure acting on the
inside of the blood vessel. The distending pressure is counteracted
by the interstitial pressure and elastic recoil forces. Lower panel:
When blood flow decreases subsequent to arteriolar vasoconstric-
tion (VC), inflow pressure to a particular vein is decreased. Conse-
quently, outflow transiently exceeds inflow until a new equilibrium
between the reduced distending pressure and elastic recoil is
reached. By this mechanism, blood volume is transferred centrally

Thus, changes in intravascular pressure may induce pas-
sive changes in capacitance that do not influence mean
circulatory filling pressure [10, 15, 16]. For example,
the distending pressure of a particular venule declines
when blood flow is reduced, i.e. subsequent to arteriolar
vasoconstriction. Elastic recoil forces may then act to
reduce the intravascular volume and to transfer blood
volume towards the heart until a new equilibrium be-
tween the distending pressure and recoil forces is
reached (Fig. 2). Thus, blood volume mobilization may
occur in the absence of active venoconstriction. In addi-
tion to the changes in blood flow, the distending pres-
sure of a blood vessel is also determined by the inflow
and outflow resistance.

As originally noted by De Jager [17] as well as Krogh
[15], the distribution of blood flow between organs has
important consequences for the volume of blood avail-
able to fill the heart because some organs are much
more compliant than others. For example, a reduction
of blood flow to the highly compliant vasculature of the
splanchnic region or the skin will passively displace
blood volume into the central circulation. Conversely,

an increase in flow to these regions will sequester blood
volume in the periphery and decrease central blood vol-
ume. Figure 3 illustrates in a hydraulic model by Rowell
[12] how blood flow through circuits with different com-
pliances could affect the distribution of blood volume.

Animal studies often measure the volume changes in
an external reservoir between the central veins and the
right atrium to assess changes in systemic vascular ca-
pacitance. In such studies both a- and S-adrenergic
mechanisms were effective in transferring blood volume
toward the heart [18, 19, 20, 21, 22, 23, 24, 25]. a-Adren-
ergic receptor stimulation induces active vaso- and ve-
noconstriction, which are associated with an increased
mean circulatory filling pressure [19, 20, 21]. In contrast,
B-adrenergic receptor stimulation with isoproterenol in-
creased external reservoir volumes in the absence of al-
terations of mean circulatory filling pressure [24, 25].
These observations suggest that the S-adrenergic system
causes blood volume mobilization through passive ca-
pacitance changes, most likely secondary to a decrease
in hepatic outflow resistance [18, 26, 27].

One major limitation of studies using an external res-
ervoir is that venous return drains into the reservoir at a
constant pressure whereas, in the intact circulation, cen-
tral venous pressure would be expected to change in
similar conditions and this may attenuate the increase
in central blood volume observed in open loop experi-
ments. The importance of passive volume shifts may
therefore be smaller than suggested by these studies.

Factors that can disrupt circulatory homeostasis

Mechanical ventilation

Positive pressure ventilation or PEEP often reduces car-
diac output [28, 29, 30]. Changes in lung volume can in-
crease pulmonary vascular resistance and cause me-
chanical compression of the heart (Fig. 4). Also, some
studies have observed reflex ventricular depression [31,
32, 33], although cardiac function is generally found to
be normal with PEEP [34, 35]. The primary cause of re-
duced cardiac output, however, appears to be imped-
ance to venous return [29, 36, 37]. The underlying mech-
anisms are complex.

Positive end-expiratory pressure elevates the trans-
pulmonary pressure, which compresses the large intra-
thoracic veins and right atrium. As a result, central ve-
nous pressure rises, even though the transmural pres-
sure of the right atrium decreases [29, 38, 39]. These
changes potentially reduce the driving pressure for ve-
nous return, but PEEP also increases mean circulatory
filling pressure by a similar amount as the change in
right atrial pressure [14, 38, 40, 41] (Table 1). The associ-
ated rise in mean circulatory filling pressure results from
a parallel shift of the systemic pressure-volume curve to
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Fig.3 The effect of vasoconstriction and vasodilatation on the dis-
tribution of blood volume. Changes in blood flow through compli-
ant and non-compliant vascular beds have important effects on
the distribution of blood volume between the peripheral and the
central circulation. Vasoconstriction (VC) and reduction of blood
flow to the compliant splanchnic and cutaneous veins decrease pe-
ripheral and increases central blood volume (left panel), whereas
vasodilatation (VD) has the opposite effects (right panel). In con-
trast, changes of blood flow through the non-compliant muscle cir-
culation has minimal effects on the blood volume distribution
From Rowell LB (1993) Human Cardiovascular Control, Oxford
University Press, with permission

the left, which indicates a volume shift from the un-
stressed to the stressed compartment with no change in
compliance [14] (Fig. 5). Two questions arise from these
observations: (1) Which factors contribute to the rise in
mean circulatory filling pressure? and (2) Why is venous
return reduced by PEEP when the pressure gradient for
venous return is sustained?

(1) The rise in intrathoracic pressure may transfer
blood volume from the thorax to the systemic veins
[42]. When PEEP is increased enough to lower cardiac
output by 65 %, this amounts to a shift of 7.2 ml/kg of
blood into the peripheral compartment [43]. Particular-
ly in the splanchnic region, a rise in blood volume is
commonly observed during PEEP [44, 45]. Thus, pas-
sive volume shifts may increase the upstream venous
pressure and buffer the decrease in cardiac output [46],
but how much the pressure rises depends on the disten-
sibility of the upstream veins. For example, sympathetic
blockade attenuates the increase in mean circulatory
filling pressure during PEEP and the decline in cardiac

Central blood votuma:@:
VD

Splanchnic

Muscle

Table 1 Effect of circulatory disturbances on vascular volumes
and pressures (CVP central venous pressure)

Condition CVP Central Mean circu- Unstressed
blood latory filling ~ volume
volume  pressure

Mechanical

ventilation T 1 T l

Hemorrhage { { l l

Depressed myo-

cardial function T T T l

Sepsis d l d T

High peripher-

al blood flow 1 = T

output is exaggerated [39, 40]. Therefore, during PEEP,
active responses must contribute to a reduction in vas-
cular capacitance. The afferent sensory signal for this
reflex is probably the reduction of right atrial stretch or
transmural pressure [47].

(2) If venous return decreases during PEEP, despite a
constant pressure gradient, there is either an increased
resistance to venous flow or a collapse owing to critical
closing pressure of the veins. Fessler and co-workers
studied the effects of PEEP on the shape of the venous
return curve [41]. They showed that PEEP not only in-
creases mean circulatory pressure (i.e. the right atrial
pressure at which venous flow would be zero) but also
the point of flow limitation (Pcrit), below which venous
return is maximal (see Fig. 6). In addition, the change
in the slope of the pressure-flow curve indicates an in-
creased vascular resistance. These factors, which are ev-
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Fig.4 Simplified model of the circulation demonstrating the rela-
tionship between peripheral and central blood volume. The differ-
ence between the mean circulatory filling pressure and the central
venous pressure (CVP) is the force driving venous return. Table 1
indicates the changes in CVP, central blood volume, mean circula-
tory filling pressure and unstressed volume caused by various con-
ditions

ident in the inferior vena cava, limit maximal venous
flow. In a subsequent study Fessler and co-workers dem-
onstrated that PEEP may increase Pcrit more than right
atrial pressure by direct compression of the inferior
vena cava at the level of the diaphragm [48]. This condi-
tion has been referred to as a “vascular waterfall”, be-
cause the venous pressure gradient is no longer deter-
mined by the right atrial pressure as the effective back-
pressure. Thus, PEEP may produce venous flow limita-
tion despite the elevation of pleural and venous pres-
sures when these are exceeded by high extravascular
pressures that are generated by hyperexpanded lungs.
The PEEP-induced changes in the splanchnic circu-
lation are of particular interest because this compart-
ment contributes the largest single fraction of venous re-
turn. PEEP reduces venous return from the splanchnic
region and increases splanchnic blood volume [44, 45,
49]. Similar to the systemic circulation, the increase in
right atrial pressure causes an increase in portal venous
back pressure [49]. Contrary to what would be expected
with the resulting venous distension, there is an in-
crease, not a decrease, in portal and hepatic venous out-
flow resistance [49, 50]. It has been proposed that this

PEEP 10

Pressure

Vo

Volume
Fig.5 The response of the vasculature to PEEP. PEEP decreases
unstressed volume and thereby increases stressed volume with no
change in compliance (i.e. the slope of the pressure-volume rela-
tionship). These adaptations help to increase the mean circulatory
filling pressure needed to sustain the pressure gradient for venous
return. From [14] with permission

increase in splanchnic resistance is caused by the dia-
phragmatic descent and mechanical compression of the
liver [49, 51].

On the arterial side, splanchnic blood flow decreases
during PEEP proportionately with cardiac output and
may be restored with volume loading [50]. Independent
of the changes in blood flow, measurements of indocya-
nine green extraction indicate that both blood volume
and hepatic outflow resistance may modulate hepatic
function during PEEP [50].

In summary, PEEP alters venous return by mecha-
nisms affecting back-pressures and resistance to venous
flow, both in the systemic and the splanchnic circulation.
These consequences may be reversed by volume expan-
sion, which not only increases mean systemic pressure
but also overcomes the elevated venous resistances (by
raising the distending pressures across the portal and in-
trathoracic great veins) [5, 14, 49, 50]. Although beta-
agonists are effective in reducing splanchnic resistance
they may be ineffective when there is mechanical com-
pression of the liver [26, 49].

These data may help us to understand why critically
ill patients tolerate positive pressure ventilation poorly
when their blood volume is diminished even though
there may be significant endogenous sympathetic stimu-
lation. In contrast, patients with blood volume expan-
sion, e.g. in cardiac failure, are relatively resistant to
these effects of PEEP.

Shock

Changes of vascular capacitance and resistance play a
central role in the pathogenesis of shock. Peripheral
vaso- and venodilation, for example in sepsis or anaphy-
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Fig.6 The effects of PEEP on the venous return curve. PEEP (da-
shed line) increases mean circulatory filling pressure (Pmcf) and
Pcrit, i.e. that right atrial pressure below which venous return is
maximal. The altered slope indicates increased venous resistance
(Rv) limiting the maximally possible venous return (VR max)
From [41] with permission

laxis, may be the primary cause for the development of
shock. On the other hand, constriction of the capaci-
tance vessels serves to increase cardiac filling pressure
and compensate for blood loss or poor ventricular func-
tion.

Hemorrhage

Severe hemorrhage decreases the mean circulatory fill-
ing pressure and, subsequently, right atrial pressure (Ta-
ble 1). Because stressed volume is only 25 % of the total
blood volume (which is approximately 80 ml/kg), a rap-
id blood loss of 20 ml/kg would reduce the mean circula-
tory filling pressure close to zero and stop venous return
in the absence of active compensation [1, 52]. The stres-
sed volume can be transferred to the heart by elastic re-
coil, but additional responses are needed to mobilize
more fluid to restore venous return. Baroreflexes and
capillary fluid reabsorption from the extravascular
space can compensate for an additional fluid loss of as
much as 30 ml/kg over 1 h.

With the activation of baroreflexes, peripheral blood
volume is transferred into the central circulation by re-
ducing venous capacitance. The largest contribution is
from the splanchnic circulation [3, 12], which differs in
its drainage characteristics from the non-splanchnic vas-
culature, as reflected by a longer time constant [15, 53,
54]. One mechanism to reduce splanchnic capacitance
is redistribution of blood flow towards regions with fast-
er time constants. A second mechanism is the reduction
of portal venous and hepatic outflow resistance during
hypotension, which enhances the drainage of the
splanchnic capacitance vessels [55]. Thus, at least some
splanchnic veins can dilate to decrease venous resis-
tance at the same time as the arterial resistance increas-

es. There is also evidence that small intestinal venules
decrease their diameter at constant pressure when
blood pressure decreases during hemorrhage [56].
Therefore, alpha adrenergic venoconstriction is a third
important mechanism in the control of splanchnic ca-
pacitance. Taken together, carotid sinus hypotension re-
duces splanchnic blood flow, unstressed volume and ve-
nous outflow resistance. These responses are partly, but
not fully, reversed by alpha-adrenergic blockade [55].
As discussed before, other vascular beds, in particular
skin and muscle, also participate in baroreflexes.

Fluid absorption from the tissue to blood is a rapid
and powerful mechanism to increase plasma volume
during states of hypovolemia [57]. In humans as much
as 500 ml can be mobilized over about 10 min largely
from skeletal muscle, which serves as the body’s largest
fluid reservoir [58]. This volume transfer may not only
result from a passive decrease in capillary pressure but
more likely from sympathetically mediated adjustments
of the pre- and postcapillary resistances [59, 60, 61]. Just
as adjustments in afferent and efferent arterioles can al-
ter filtration of fluid out of the glomerulus of the kidney,
changes in pre- and postcapillary resistances can change
the quantity of fluid reabsorbed from the interstitium.
Accordingly, an increase in precapillary and decrease
in postcapillary resistance would promote fluid reab-
sorption.

Positive pressure ventilation may counteract fluid
absorption from the interstitium in hypovolemic states
because the elevated venous pressures may be transmit-
ted to the capillaries [3], which can result in fluid losses
into the tissues. Thus, positive pressure breathing can
aggravate volume-depleted states and intravenous flu-
ids may be required to restore cardiac filling.

Depressed myocardial function

When myocardial function is acutely depressed and sys-
temic blood flow decreases, cardiovascular reflexes in-
duce active vaso- and venoconstriction to decrease vas-
cular capacitance, thereby increasing cardiac filling
pressures (Table 1). In addition, blood volume is pas-
sively redistributed by elastic recoil. The relative contri-
bution of active vasomotor responses and elastic recoil
forces for the restoration of preload has been examined
in dogs using a reservoir to accommodate all of the ve-
nous return at constant venous outflow pressure [62].
The cardiac output was set at various levels by pumping
blood from the reservoir into the right atrium. The addi-
tional amount of fluid collected in the reservoir was a
measure of the movement of blood from the periphery
to the central circulation. The mechanism for the redis-
tribution was assessed by repeating measurements after
blocking cardiovascular reflexes with hexamethonium.
When cardiac output was lowered from 110 to
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80 ml-kg-min the amount of blood transferred into the
reservoir was 9.2 ml/kg with reflexes intact, and 6.8 ml/
kg with reflexes blocked. Thus, elastic recoil forces pro-
vided about 80 % and baroreceptor-mediated reflexes
20 % of blood volume redistribution.

Reflex blockade did not affect the fraction of venous
return from the superior vena cava, indicating that the
splanchnic circulation may be the predominant source
of reflex blood volume mobilization. This and several
other studies using external reservoirs have emphasized
the importance of passive redistribution of blood vol-
ume by the elastic characteristics of the vasculature [3,
10, 19, 62, 63]. However, in the intact circulation central
venous pressure increases during cardiac failure, be-
cause systolic ejection is impaired, which increases end-
diastolic volume and pressure. Under these conditions,
the blood volume redistribution may differ from those
studies using the external reservoir, which is specifically
designed to keep central venous pressure constant.
Such disparities in interpretation of data are illustrated
by a study using radionuclide imaging in pigs to assess
the changes in splanchnic volume during pacing-in-
duced acute heart failure [64]. The pigs were studied af-
ter carotid sinus denervation and cervical vagotomy to
eliminate all neurovascular reflexes. Under these condi-
tions the volume decrement of the spleen was matched
by a volume increment of the liver, leaving the net
splanchnic intravascular volume unchanged. Thus, the
potentially large effects of passive volume shifts under
conditions of low systemic blood flow seem to depend
on the related changes in right atrial pressure, i.e. they
may be greater with hemorrhage than with heart failure
or PEEP.

There is also evidence for active changes in the vas-
culature when cardiac function is depressed. This is ex-
emplified by a study in which chronic heart failure was
induced in dogs by rapid right ventricular pacing for
6 weeks with subsequent recovery [65]. Heart failure
was associated with a reduction in unstressed volume
while central blood volume increased. The relative con-
tribution of active and passive capacitance changes
could not be determined in that study, but the associated
increase in mean circulatory filling pressure indicates
that active constriction of the vasculature must have oc-
curred. After 2 weeks of recovery all variables had re-
turned to baseline values.

Sepsis

Severe endotoxemia is commonly associated with a di-
minished systemic vascular resistance and hypotension
(Table 1). Although the circulation is often hyperdy-
namic, cardiac function may be depressed in severe sep-
tic shock. Cytokines, such as interleukin-14 and tumor
necrosis factor-o, which are induced by endotoxin,

seem to impair myocardial contractility directly via a ni-
tric oxide synthase-dependent mechanism [66, 67, 68,
69, 70]. On the arterial side, increased production of ni-
tric oxide is responsible for massive peripheral vasodila-
tation, depressed vascular reactivity in response to en-
dogenous and exogenous vasoconstrictors, and im-
paired tissue perfusion [71, 72, 73, 74, 75]. In contrast,
during sepsis and endotoxemia there is increased resis-
tance and hypertension in vascular beds with venous
characteristics, including the pulmonary circulation
[76].

Endotoxemia increases portal venous pressure and
the venous pressure-flow relationship of the splanchnic
circulation is shifted upwards, i.e. there is decreased ve-
nous blood flow for a given portal venous pressure [77,
78]. This impairment of portal blood flow appears to be
caused by active portal-sinusoidal constriction and by
vascular obstruction secondary to cell swelling, hemor-
rhage and congestion within the liver [76, 78]. These al-
terations contribute to the increased venous resistance
and generate a back-pressure to portal venous flow. In
addition, sepsis and endotoxemia may disrupt the so-
called veno-arterial response in the splanchnic vascular
bed, a physiological mechanism that increases mesen-
teric arterial resistance and limits splanchnic arterial
blood flow when portal venous pressure increases [79,
80]. Thus, at the same time as venous outflow from the
splanchnic vascular bed is impeded mesenteric arterial
vasodilatation may augment blood flow to this region.
In association with increased vascular permeability, this
causes splanchnic blood pooling and edema formation
[81]. These factors contribute to the loss of circulating
blood volume and decreased cardiac preload culminat-
ing in septic shock.

High peripheral blood flow demands

In adult humans the maximal cardiac output is about
25 /min. This flow is insufficient to sustain maximal
blood flow simultaneously to all regions of the body, so
blood flow redistribution mandates that when flow to
one region is increased flow to another must be cur-
tailed. Such circumstances require complex interactions
between competing reflexes to sustain circulatory ho-
meostasis [82, 83]. For example, exercise in a hot envi-
ronment creates an inherent competition between ba-
roreflexes that maintain arterial blood pressure when
flow to the working muscle is increased and thermoreg-
ulatory reflexes that induce cutaneous vasodilatation
for heat dissipation [84]. The increase in skin blood
flow during thermal stress may approach 8 I/min in rest-
ing humans [85, 86] and is associated with an increase in
cutaneous blood volume because venous drainage from
the skin occurs with a very long time constant [87].
Thus, in heat stress, but not in thermoneutral condi-
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tions, the skin may be an important blood reservoir and
the redistribution of blood volume away from the cen-
tral circulation may jeopardize blood pressure regula-
tion. Accordingly, the cardio-circulatory reserve ap-
pears to be greater in a cool environment because less
skin blood flow is required for heat dissipation [88].

Maintenance of body core and skin temperature is
the predominant thermoregulatory drive in the control
of skin blood flow. When an internal temperature
threshold is exceeded, skin blood flow increases briskly
both by withdrawal of sympathetic vasoconstrictor ac-
tivity and by active vasodilatation. At the same time
sweating begins. The threshold for cutaneous vasodila-
tation and sweating is increased to a higher temperature
when baroreflexes are activated with exercise or lower
body negative pressure [82, 89, 90, 91]. Hence, ther-
moregulation is attenuated in favor of blood pressure
control. In heat stressed subjects, the contribution of
the cutaneous circulation to baroreflexes is greatly en-
hanced. For example, forearm vascular conductance
may increase more than threefold with skin or body
core heating [92, 93]. The application of lower body neg-
ative pressure in these conditions induces much greater
reductions in forearm vascular conductance than in
that of normothermic controls. While lower body nega-
tive pressure is effective in sustaining cardiac filling
pressures at similar levels as in normothermic subjects,
this may occur at the expense of heat dissipation [92,
93].

Mobilization of blood from the splanchnic circula-
tion is an important compensation during heat stress
and exercise. In response to sympathetic vasoconstric-
tion, vascular capacitance and unstressed volume de-
crease [10, 83]. Notice, however, that the impact of re-
gional vasoconstriction on arterial blood pressure is de-
pendent on the cardiac output and total vascular resis-
tance. It has been estimated that an 80 % reduction in
splanchnic blood flow, e.g. from 1,500 to 300 ml/min,
would increase arterial blood pressure by 32 mmHg
when cardiac output is 51/min, but only by 6 mmHg
when cardiac output is 25 /min [82]. Thus, the translo-
cated volume has a greater effect on the pressure in the
systemic circuit when there is high resistance to flow.

Critically ill patients who are hemodynamically com-
promised may suffer significant additional circulatory
strain when there is high peripheral blood flow demand.
The mechanisms that divert blood volume to the periph-
ery include fever, high environmental temperatures,
thyrotoxicosis, catecholamine infusion and increased
muscle work, e.g. with dyspnea or seizures. It is easy to
envisage that, in an unstable circulatory state with high
metabolic demands, the reduction in central blood vol-
ume may be further aggravated when the hydration of
a patient is decreased [82]. For example, the high work
of breathing increases cardiac output and thermoregula-
tory demands and may be associated with significant

evaporative fluid losses. Such disturbances compromise
the efficacy of baroreceptor reflexes directed to restore
cardiac preload in patients with low systemic blood
flow. In the patient with significant cardiovascular dys-
function, therefore, close attention must be paid to the
volume status and strategies to lower blood flow de-
mands.

Therapeutic implications

In the previous sections we have described how venous
return may be compromised in critical illness. There
are three principal therapeutic strategies to restore a
sufficient cardiac preload: (1) administration of intrave-
nous fluids, (2) pharmacological modulation of vascular
tone and (3) reduction of peripheral blood flow de-
mands.

Intravenous fluids increase the stressed volume.
When the circulatory stress is mild and compensatory
mechanisms suffice to maintain cardiac output and
blood pressure, this fluid may only restore the normal
ratio of unstressed and stressed venous volume. An in-
crease in urine output may be one of the earliest clini-
cally apparent responses. With more severe hemody-
namic compromise, i.e. in septic shock, more volume
may be required to restore venous return because of
the increased size of the unstressed volume compart-
ment, splanchnic pooling and third space losses [75]. In
raising the vascular distending pressure, the most impor-
tant effect of fluid resuscitation may be to overcome or
attenuate the increased portal and systemic venous re-
sistances, which appear to be a major limitation of cardi-
ac output in septic shock [94]. In experimental endotox-
emia both the restoration of depressed cardiac output
by volume resuscitation and the presence of a hyperdy-
namic circulation were associated with supranormal lev-
els of mean circulatory filling pressure [94, 95]. In sepsis,
therefore, large quantities of fluid may be required to
increase the driving pressure for venous return above
normal values even though this may cause further blood
pooling and third space losses in the peripheral com-
partments. There is also evidence that volume expan-
sion is effective in reversing the effects of PEEP on ve-
nous return by increasing mean circulatory filling pres-
sure and by lowering systemic and splanchnic venous
outflow resistance [49].

Epinephrine and norepinephrine (3, only) are both
o- and f-adrenergic agonists that increase total vascular
resistance and mean circulatory filling pressure [6, 96].
It is well known that resistance vessels constrict with o-
receptor stimulation (e.g. phenylephrine) and dilate
with S-receptor stimulation (e.g. isoproterenol). In con-
trast, the mechanism by which venous capacitance is re-
duced is less certain. Since veins have predominantly o-
receptors, a direct vasoconstrictor effect that reduces
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unstressed volume and increases stressed volume seems
likely [97, 98]. However, substantial evidence suggests
that S-adrenergic receptors may also be involved in the
control of venous capacitance. For example, epineph-
rine increases cardiac filling pressures in dogs when car-
diac output is held constant by ventricular pacing; this
response is markedly attenuated during [S-receptor
blockade with propranolol [19]. Since B-agonists, e.g.
isoproterenol, have minimal effects on the mean circula-
tory filling pressure [25, 96], the change in vascular ca-
pacitance must be accomplished by other mechanisms.
These include lowering of splanchnic venous outflow re-
sistance [17] and an increase of fractional blood flow to
regions with fast time constants [53, 54, 99].

In summary, through their effects on the peripheral
circulation, catecholamines may be effective in increas-
ing venous return. However, before exogenous sympa-
thetic stimulation is provided to a critically ill patient
whose endogenous vasoconstrictor tone may already
be extreme, the intravascular volume status should be
optimized. Also bear in mind that intense arterial vaso-
constriction, while restoring resistance and blood pres-
sure, may be associated with a significant reduction in
blood flow. For example, in sepsis, norepinephrine may
reduce splanchnic blood pooling by increasing mesen-
teric resistance, but the concomitant reduction in
splanchnic flow may aggravate some pre-existing is-
chemia in the gut and liver [100].

Inhibition of nitric oxide synthase (NOS) has been
investigated as a further approach in modifying vascular
tone. In conditions of clinical and experimental sepsis,
NOS inhibitors are effective in reversing systemic hy-
potension [95, 101, 102, 103]. However, this is commonly
associated with a reduction in cardiac output [43, 95,
104, 105]. These adverse effects of NOS inhibition ap-
pear to be related to an increased resistance to systemic

venous return and the generation of increased resis-
tance and back-pressure to portal venous flow [80, 95].
Thus, there is evidence to suggest that, in vascular beds
with venous characteristics, i.e. the splanchnic and the
pulmonary circulation, endothelial nitric oxide produc-
tion may be important in counteracting the effects of
vasoconstricting mediators activated by endotoxemia
[76]. Therefore the margin between potentially benefi-
cial and harmful effects of NOS inhibition in sepsis and
septic shock may be very narrow.

Finally, measures that reduce peripheral blood flow
demands are effective in raising central blood volume.
For example, the sudden decrease in skin temperature
of a heat stressed subject may immediately increase cen-
tral venous pressure and cardiac stroke volume by di-
verting flow from the skin and shifting a large volume
of blood from the cutaneous capacitance vessels to the
central circulation [12]. Similarly, the initiation of assist-
ed ventilation when the work of breathing is increased
or the suppression of seizure activity can cause a dra-
matic improvement in circulatory function.

Summary

The purpose of this review was to highlight the impor-
tance of the peripheral circulation in the regulation of
cardiac output and to identify some mechanisms by
which this regulation may be disrupted in critical illness.
Unfortunately, no easily performed tests are available to
measure the mean circulatory filling pressure, venous
resistance or the fractions of unstressed and stressed ve-
nous volume. However, understanding of the relation-
ship among these factors provides useful insight into
the nature of circulatory disturbances and untoward re-
sponses to interventions in critically ill patients.
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