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Abstract

Microcirculatory perfusion is disturbed in sepsis. Recent research has shown that maintaining systemic
blood pressure is associated with inadequate perfusion of the microcirculation in sepsis.
Microcirculatory perfusion is regulated by an intricate interplay of many neuroendocrine and paracrine
pathways, which makes blood flow though this microvascular network a heterogeneous process.
Owing to an increased microcirculatory resistance, a maldistribution of blood flow occurs with a
decreased systemic vascular resistance due to shunting phenomena. Therapy in shock is aimed at the
optimization of cardiac function, arterial hemoglobin saturation and tissue perfusion. This will mean the
correction of hypovolemia and the restoration of an evenly distributed microcirculatory flow and
adequate oxygen transport. A practical clinical score for the definition of shock is proposed and a novel
technique for bedside visualization of the capillary network is discussed, including its possible
implications for the treatment of septic shock patients with vasodilators to open the microcirculation.
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Introduction

The initial treatment of trauma and critically ill patients is
aimed at securing the airway and establishing adequate
breathing, followed by the correction of circulatory
abnormalities (‘ABC’) [1]. These basic principles underline
the fact that optimization of oxygen delivery to the tissues is
one of the cornerstones of critical care medicine, thus
preventing cellular dysfunction and cellular death, and
subsequent organ dysfunction. Disturbance of the delicate
balance between oxygen delivery (DO,) and oxygen
consumption (VO,) to the tissues can be defined as a state
of shock. Impairment of DO, can be caused by severe
anemia, hypoxia, or a low cardiac output. To preserve tissue
DO, in several states of shock, especially to the heart and
brain, many compensating physiological reserve mechanisms

come into play. This leads to microvascular derecruitment in
compliant vascular beds such as the skin and the splanchnic
area, redirecting blood flow to more crucial body areas.
During this process, systemic hemodynamics can be
maintained at the expense of impaired microcirculatory
perfusion. Nevertheless, if this microcirculatory state of
hypoperfusion is not reversed in a timely manner, multiple
organ failure can develop, with a high probability of death.
This line of thought can be found in a recent general guideline
for the treatment of patients with septic shock, in which
infusion of volume is judged to be critical to basic care in
these patients [2].

Systemic inflammatory response syndrome (SIRS) is seen
after trauma, major surgery or hemorrhage. A similar

DO, = oxygen delivery; IVM = intravital microscopy; MODS = multiple organ dysfunction syndrome; NO = nitric oxide; NOS = NO synthase; OPS =
orthogonal polarization spectral; pCO, = partial pressure of CO,; SIRS = systemic inflammatory response syndrome; SvO, = mixed venous oxygen

saturation; VO, = oxygen consumption.
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phenomenon is seen in sepsis as a response to infection, and
is still an important cause of death in critically ill patients.
Both can progress to severe shock and multiple organ
dysfunction syndrome (MODS) [3]. This progression is
currently thought to be due to an increased VO,, a decreased
peripheral vascular resistence and a maldistribution of tissue
blood flow to preserve central blood volume. As a result,
microcirculatory perfusion is shut down and is the final
common pathway in shock. Especially in septic shock,
alterations in metabolic pathways called ‘cytopathic hypoxia’
can lead to additional tissue damage [4]. This review
discusses briefly the importance of microcirculatory flow in
the pathogenesis of sepsis and the progression to MODS.

Heterogeneous microcirculatory perfusion

The measurement of global hemodynamics reflects only a tiny
part of whole-body circulatory blood flow. The micro-
circulation, with its huge endothelial surface, is in fact the
largest ‘organ’ in the human body. We have come a long way
since the disclosure of human bodily circulation by Harvey [5]
and Malpighi [6]. The number of publications concerning the
microcirculation in humans is steadily increasing (Fig. 1).
However, the microcirculation remains difficult to investigate.
In clinical practice, microcirculatory perfusion is judged on
aspects such as the color, capillary refill and temperature of
the distal parts of the body (i.e. fingers, toes, earlobes and
nose).

Perfusion of the microcirculation is regulated by an intricate
interplay of many neuroendocrine, paracrine, and mechano-
sensory pathways [7]. These mechanisms adapt to the
balance between locoregional tissue oxygen transport and
metabolic needs to ensure that supply matches demand. In
sepsis, this process is severely compromised because of
decreased deformability of red blood cells with inherent
increased viscosity [8], an increased percentage of activated
neutrophils with decreased deformability and increased
aggregability due to the upregulation of adhesion molecules
[9], activation of the clotting cascade with fibrin deposition
and the formation of microthrombi [10], dysfunction of
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vascular autoregulatory mechanisms [11], and finally, the
secondary enhanced perfusion of large arteriovenous shunts
[12] (Fig. 2). These processes result in tissue dysoxia, either
from impaired microcirculatory oxygen delivery and/or from
mitochondrial dysfunction [4,13]. Clinically this process is
perceived as an oxygen extraction defect, a prominent feature
of sepsis. A possible mechanism accounting for this
phenomenon could be the shut-down of vulnerable micro-
circulatory units in the organ beds, promoting the shunting of
oxygen transport from the arterial to the venous compartment
leaving the microcirculation hypoxic [14]. This might be an
explanation for the different findings regarding locoregional
tissue perfusion in shock (Fig. 3). In this so-called shunting
theory of sepsis, correction of this condition should occur by
recruitment of the shunted microcirculatory units. Applying
strategies to ‘open the microcirculation’ by vasodilation would
be expected to promote microcirculatory flow by increasing
the driving pressure at the entrance of the microcirculation
and/or decreasing the capillary afterload [15].

Indeed, in animal studies, these effects occur during
hemorrhage and sepsis caused by microcirculatory shunting
with associated tissue dysoxia [16-18]. Such micro-
circulatory shunting was reversed by vasodilation [14] and by
improvement in regional flow in an animal sepsis model [19].
In addition, oxygen extraction was improved [20] and
microcirculatory shunting was reversed [21] by the use of
nitric donors. To redirect microvascular flow, matters become
more complicated if one realizes that sepsis causes
heterogeneous effects in constriction and dilation in different
organs and at different levels of the microcirculation [22].
Although cardiac output is frequently increased in sepsis,
high lactate levels and increased tonometric partial pressure
of CO, (pCO,) in tissues indicate at least regional tissue
dysoxia. This has been termed oxygen extraction deficit in
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Figure 3

The shunting theory of sepsis accounts for the condition in which
apparently adequate oxygen delivery is not successful in delivering
oxygen to microcirculatory weak units that are shunted. This leads to
an oxygen extraction deficit of these shunted units with raised levels of
venous partial pressure of CO,, lactate and gastric CO,, whereas
input oxygen delivery seems adequate. Vasodilation would be
expected to recruit these shunted units by increasing the driving
pressure to the microcirculation and possibly to these shunted units.

sepsis and has been well documented in different animal
models of shock [23-25]. It is still a matter of debate whether
it can be explained by pathologic flow heterogeneity due to
dysfunctional autoregulatory mechanisms and micro-
circulatory dysfunction causing hypoxic pockets, or by
mitochondrial dysfunction with associated impaired oxidative
phosphorylation [4], or by a combination of both.

How is critical microcirculatory dysfunction
assessed?

Especially in critical illness, function and dysfunction of the
microcirculatory network are of utmost importance in the
cause of disease and the development of organ failure. In
sepsis, all three elements of the microvascular network are
compromised, namely arteriolar hyporesponsiveness to vaso-
contrictors and vasodilators, a reduced number of perfused
capillaries, and venular obstruction by the sequestration of
activated neutrophils [22]. However, an objective and reliable
method of monitoring microcirculatory organ perfusion is still
not available. ‘Downstream’ global derivatives of micro-
circulatory dysfunction such as lactate, tonometry, and mixed
venous oxygen saturation (SvO,), in addition to measure-
ments of DO, and oxygen uptake VO,, are used in daily
intensive care clinical practice. But which parameters should
be used to prevent further deterioration of organ function in a
critically ill patient with septic shock? In this section we
discuss the reasons for, and limitations of, several parameters
that have been used to assess microcirculatory perfusion.

Lactate levels are thought to reflect anaerobic metabolism
associated with tissue dysoxia and might predict a response
to therapy and prognosis [26]. The balance between lactate
production due to global (shock, hypoxia), local (tissue
ischemia), and cellular (mitochondrial dysfunction) factors on

the one hand, and lactate clearance depending on metabolic
liver function on the other hand, make the interpretation of
lactate levels uncertain and difficult [27]. SvO, can be
measured with a pulmonary artery catheter and is thought to
reflect the average oxygen saturation of all perfused
microvascular beds. In sepsis, microcirculatory shunting can
cause normal SvO, while severe local tissue dysoxia is
present [14]. Delayed therapy aimed at the normalization of
SvO, failed to demonstrate a survival benefit [28,29].
Optimization of oxygen delivery might have been instituted
too late in these studies, when irreversible cellular damage
was already present. In addition, the frequent use of
dobutamine to obtain preset goals of oxygen delivery might
have affected the outcome, because dobutamine has been
implicated in the impairment of hepatosplanchnic perfusion in
sepsis [30]. Nevertheless, besides ongoing discussions
about the use of a pulmonary artery catheter in sepsis, the
sole use of SvO, seems an inadequate parameter as a
guideline for therapy in the restoration of local tissue
oxygenation in septic shock patients. However, if an
integrative approach is used in the early stage of treating
critically ill patients, states of hypoperfusion are recognized
earlier [31] and, if early treatment is started, can even improve
survival [32]. It is likely that the results of the Rivers study
[32] are due largely to the prevention of irreversible cellular
damage, in contrast to the earlier findings by Hayes and
Gattinoni, who targeted high oxygen delivery levels during
later phases of sepsis [28,29].

An appealing alternative to the evaluation of tissue dysoxia
might be regional intestinal capnography as introduced by
Fiddian-Green and Baker [33]. This method relies on the
principle of CO, diffusion from the local anaerobic production
site across tissue and cell membranes. Measurement of the
difference between intestinal pCO, and arterial pCO, has
been found to be better than that of pH, alone, because
arterial pCO, fluctuates in ventilated patients [34]. In sepsis,
the interpretation of tonometric results is affected by
microcirculatory shunting. This complicates the clear
establishment of impaired perfusion, because areas with
reduced perfusion and CO, offloading are next to hypoxic
regions [35]. Recently, gastric intramucosal pCO, values
were found to be well correlated with sublingual pCO, values
[36]. The baseline difference between sublingual pCO, and
arterial pCO, values was a better predictor of survival than
the change in lactate or SvO, [37]. Further studies should
demonstrate whether this parameter can be used in clinical
management of patients with septic shock.

All parameters discussed are indirect and downstream from
the pathological process in the microcirculatory network.
Direct assessment of microcirculatory perfusion seems a
superior and more direct approach and has been extensively
studied in vivo by intravital microscopy (IVM) in animals. In
humans, IVM studies are restricted to the eye, the skin and
the nail fold owing to the size of the IVM equipment and the
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use of fluorescent dyes for contrast enhancement. IVM
depends on trans- or epi-illumination and thus observations
are limited to superficial layers of thin tissues only. By using
fluorescent dyes a higher contrast is possible as well as
labelling specific cells for visualization and quantification.
Because of the potentially toxic effects of these dyes in
humans, studies are mostly limited to animals [38,39]. We
recently introduced [40,41], validated [42], and clinically
applied [43] a new method for observing the microcirculation
in patients, called orthogonal polarization spectral (OPS)
imaging (CYTOSCAN™; Cytometrics Inc., Philadelphia, PA),
which creates high-contrast images without the use of
fluorescent dyes. This technique is based on the reflection of
light from the tissues. Contrast is obtained from the
absorption of linearly polarized light by the haemoglobin in the
blood. As a consequence, red blood cells in the micro-
circulation appear black on the white background of the
surrounding tissue. For OPS imaging a 5 x objective (on-
screen magnification of x 326) is used during measurements.
Data are recorded on a digital video recorder for later analysis
and displayed on a black and white monitor. Because the
OPS machine is a small hand-held device (Fig. 4), it can be
used at the bedside for humans in the visualization of unique
in vivo images of the microcirculation [44]. Although nailfold
microcirculatory blood flow as established by OPS imaging
correlates very well with IVM microvascular flow when
analysed by specific video-analysis-software [42], this
quantitative approach proved not to be usable with sublingual
images owing to movement artefacts induced by tongue
movements or respiration. A semi-quantitative approach was
therefore used successfully to analyse changes in
microcirculatory flow [45,46].

Despite these shortcomings in the assessment of local tissue
oxygenation, several studies have been performed aiming at
recruitment of the tissue microcirculatory flow.

Microcirculatory perfusion as an endpoint

Data from several studies support the idea that the
impairment of microcirculatory perfusion results in organ
failure and increases the risk of death [17,18,22,45,47-50].
In this line of thought, restoring perfusion in disturbed
microcirculatory networks might improve outcome. Indeed,
survival was related to microcirculatory shut-down in rats that
were bled and in which the blood volume was subsequently
resuscitated, although whole-body hemodynamic parameters
were comparable in survivors and non-survivors [51].
Comparable findings have been reported in humans with
septic shock. Bihari found that vasodilation might unmask a
preexisting tissue oxygen debt. After increasing DO,, with the
vasodilator prostacyclin, all patients survived when the
increase in DO, did not coincide with an increase in VO,,
whereas all patients died who showed increasing VO, [52].
By recruitment of the microcirculation, oxygen might have
become available to previously hypoxic tissues that had shut
down. De Backer and colleagues [45] reported that
sublingual microcirculatory perfusion was compromised to a
greater extent in non-surviving than in surviving septic shock
patients. We observed normal sublingual microcirculatory
perfusion in a septic patient with hepatic failure who received
high doses of norepinephrine (P Spronk, unpublished
observation). Dubois recently reported a comparable
observation in a septic patient treated with vasopressin [53],
whereas others observed sublingual microcirculatory shut-
down with the use of vasopressin (C Boerma, personal
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communication). Larger studies should demonstrate why
these patients behave differently from those in previous
reports. Nevertheless, De Backer and colleagues showed
that microcirculatory perfusion improved over time in
survivors, whereas the disturbance of perfusion in the
microvessels of the non-survivors remained. In addition, they
showed that sublingual microcirculatory  perfusion
abnormalities could be corrected by the topical application of
acetylcholine, showing that the local endothelium was still
responsive to nitric oxide (NO), whereas vasoplegia due to
ongoing sepsis might be expected.

NO has been implicated as the major cause for hypotension,
generated from endothelial cells through the expression of
inducible NO synthase (NOS) [54], thus contributing to many
of the manifestations of septic shock such as vasoplegia,
diminished myocardial contractility, hepatic damage, and
vascular and intestinal hyperpermeability. Others, however,
found decreased NO production during sepsis [55], and,
more recently, that NOS activity is diminished in mononuclear
cells from sepsis patients [56]. On the basis of the
hypothesis that NO production is increased in sepsis,
experiments in septic animal models were performed and
indicated that hypotension could be prevented by inhibiting
NOS. This led to clinical studies with several compounds
capable of inhibiting NO synthesis. Early promising data
showed increasing blood pressures and decreasing doses of
vasopressors in septic shock patients treated with NOS
inhibitors  [67]. However, a subsequent randomized
controlled multicenter phase Il trial was stopped when
interim analysis showed increased mortality in the NG-
monomethyl-L-arginine group compared with placebo [58].
Inhibition of NOS activity seems to result in an improvement
in the general hemodynamic situation, but at the cost of
increased mortality [59]. Apparently, completely inhibiting
vasodilation is not the proper answer to sepsis. A more
specific approach by inhibiting only the inducible form of
NOS might be an attractive alternative. Indeed, after the
application of 1400W (a synthetic blocker of inducible NOS)
in a pig endotoxemia model, microvascular perfusion was
restored by a redistribution within the gut wall and/or an
amelioration of the cellular respiration [60].

NO is an important vasodilator in the microcirculation during
sepsis [61]. Indeed, Ince and colleagues showed recently
that NO donors were highly effective in correcting micro-
circulatory oxygenation after endotoxemia in a pig model of
sepsis, with both mucosal and serosal microvascular PO, as
well as intraluminal gastric pCO, being restored to baseline
values [21]. In addition, the glucose oxidation rate improves in
septic patients after treatment with prostacyclin [62].
Apparently, the microcirculation in sepsis fails to support
adequate tissue oxygenation. Optimizing DO, can result in
lower mortality rates, especially when therapy is started
without delay [63,64]. Others, however, showed comparable
mortality rates [29] or even a higher hospital mortality [65] in

septic shock patients whose treatment sought to increase
DO,. In these studies, oxygen supply to the tissues was
increased by manipulating macrohemodynamic endpoints
such as cardiac output, hemoglobin, and central venous
pressure and/or pulmonary artery wedge pressure.
Radermacher and colleagues [66] treated septic shock
patients with prostacyclin when no further increase in DO,
could be obtained by volume resuscitation and dobutamine
infusion. Gastric pH, improved after starting prostacyclin,
suggesting an increase in splanchnic blood flow.

These findings led us to propose that the addition of systemic
NO to adequately volume resuscitated patients with septic
shock results in an improvement of microcirculatory
perfusion. In a small observational study in septic shock
patients, we were indeed able to show an improvement in
sublingual microcirculatory perfusion after the injection of
0.5mg of nitroglycerin [46]. The observation of capillary
shutdown next to sustained flow in the larger vessels
corroborates the shunting theory of sepsis. Upon the
administration of nitroglycerin, microcirculatory flow increased
not only in large microvessels but also in small microvessels.
The latter finding argues against NO donation’s inducing even
more shunting flow. All patients except one, owing to late
cerebral hemorrhage, were discharged from the hospital alive.
This suggests that one can actively open up the
microcirculatory network and keep it open by volume and
vasodilator therapy. One might argue that oxygen consumption
increases with a concurrent increase in DO, under nitrate
administration [67]. However, concentrations of nitrate/nitrite
seem to be increased in septic shock patients anyway [68].
We administered 1 mg/kg dexamethasone intravenously to all
our patients at admission, which might well have attenuated the
production of NO by inhibiting excessive activation of inducible
NOS. With this background, a controlled opening strategy
using NO donors might be a rational approach. Further studies
should demonstrate whether this line of thought regarding
therapy in sepsis can be guided by microcirculatory flow
patterns and might result in a better outcome.

Future aspects

Therapy in shock should be aimed at the optimization of
cardiac function, arterial hemoglobin saturation, and tissue
perfusion. This will mean the correction of hypovolemia and
the restoration of an evenly distributed microcirculatory flow
and inadequate oxygen transport. How can the latter goals in
particular be accomplished? Discussions about the role of
vasodilators, particularly NO, in sepsis with microcirculatory
disturbance will continue. Will the optimization of sublingual
microcirculation become a novel resuscitation endpoint? Do
we need to take mitochondrial function and tissue respiration
into account [69]? Or should we use an integrative approach
incorporating both macrocirculatory and microcirculatory
hemodynamic data, as proposed in Table 1? Several tools
will become available for improving the assessment of
regional oxygen demands in critical illness. This will create



Table 1

Integrative clinical approach to define a state of shock

Item evaluated

Points

Hemodynamic variables 2
Heart rate > 100 b.p.m. or
MAP < 50 mmHg and (CVP < 2 or CVP > 15 mmHg) or
ClI<2.2 I min~t m—2

Peripheral circulation 2
Mottled skin or
T,—T, difference > 5°C or
Pfi <0.3 or
Impaired peripheral capillary refill

Microvascular variables 1

Increased tonometric CO, gap or
Increased sublingual CO,, gap or
Impaired sublingual microvascular perfusion (OPS imaging)

Systemic markers of tissue oxygenation 1
Lactate > 4 mmol =" or
SvO, < 60%

Organ dysfunction
Diuresis < 0.5 ml kg=" h~1 2 1
Decreased mental state? 1

A state of shock is present if the score exceeds 2 points. Cl, cardiac
index; CVP, central venous pressure; MAP, mean arterial pressure;
OPS, orthogonal polarization spectral imaging; Pfi, peripheral perfusion
index; SvO,, mixed venous oxygen saturation; T, core temperature;

T,,, peripheral toe temperature. “Due to present disease.

new challenges for the clinician to improve bedside critical
care and optimization of microcirculatory perfusion, thus
preventing the further deterioration of organ function and
keeping the old principle of primum non nocere alive.
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