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Introduction

Sepsis is a major challenge in medicine and massive resources and considerable
effort has been undertaken to understand the pathophysiology of this syndrome
and to look for new therapies. Recently an observational study carried out in the
US, has highlighted the relevance of this disease by their finding of a national
incidence of 3 cases of severe sepsis per 1000 population. This produced a national
estimate of 751,000 cases per annum of which 416,700 (55.5%) had underlying
co-morbidity and overall 383,000 (51%) of them received ICU care. The overall
hospital mortality rate found in this study was 28.6%, which represents 215,000
deaths nationally [1]. Severe sepsis is thus very common and is associated with a
high mortality rate equaling the number of deaths after acute myocardial in-
farction. Furthermore, its incidence is likely to increase substantially as the popu-
lation ages.

Severe sepsis is often associated with circulatory shock. This condition occurs
when oxygen supply cannot meet the needs of the tissue cells, a condition which,
if not corrected in time, can result in severe organ dysfunction [2]. The response
of regulatory mechanisms of the cardiovascular system to shock and hypoxemia
and thus oxygen delivery (DO2), is to ensure an increase in the oxygen extraction
ratio and thus attempt to match oxygen delivery to the demands of the tissue cells
(VO2). When this attempt fails, and oxygen levels are so low that mitochondrial
respiration can no longer be sustained, tissue dysoxia is defined [3].

Under conditions in which oxygen supply becomes limited but microvascular
regulation is intact, e.g., during hypovolemic or cardiogenic shock where hypop-
erfusion is caused by a decrease in cardiac output, the correction of global hemody-
namic and oxygen-derived variables would be expected to restore tissue oxygena-
tion [4]. Sepsis and septic shock, however, are characterized by the distributive
pathological alteration of blood flow, loss of autoregulation and unresponsive
hypotension with low vascular systemic resistance and normal or high cardiac
output. The complex nature of the pathophysiology of this syndrome has led to
considerable controversy regarding patient management. This is partly due to
contradictory results in experimental studies in both animals and humans. For
instance, the maximization of global hemodynamic parameters of DO2 has been
shown to improve outcome in hemorrhagic shock [5], whereas this strategy seems
inadequate or even detrimental in septic shock [6, 7]. Despite an increase in cardiac



output and DO2 to tissue in septic shock, seemingly paradoxical regional dysoxia
is evident, as indicated by high lactate levels, disturbed acid base balance, and
enhanced levels of gastric CO2. This situation is described as a deficit in oxygen
extraction ratio by peripheral tissue and has been well documented in different
models of septic shock [8–10]. Essentially two conditions can explain this situation:
First, pathological flow heterogeneity caused by dysfunctional autoregulatory
mechanisms and, second, microcirculatory dysfunction causing hypoxic pockets
and/or mitochondrial dysfunction whereby even in the presence of sufficient
oxygen oxidative phosphorylation is not sustained. However, whether the oxygen
extraction deficit is caused by regional hypoxia due to maldistribution of blood
flow or as a result of so-called cytopathic hypoxia due to a defect in mitochondrial
function is still a matter of debate [11]. Undoubtedly it will turn out to be a
combination of both factors, each requiring a different therapeutic approach.

Two further important points need to be considered when defining the patho-
genesis of sepsis in critically ill patients, these are time and the nature of the therapy
being applied. It is clear that the element of time is crucial and that the nature of
early sepsis is quite different from that of late sepsis. It could be well argued that
what starts out as microcirculatory failure in early sepsis develops into mitochon-
drial dysfunction in late sepsis. A second important issue is the role of the therapy
being applied and its relation to the pathogenesis of the syndrome that presents
itself. For example, the pathophysiology and, therefore, pathogenesis when treat-
ment includes the administration of corticosteroids will be very different to the
pathophysiology and etiology in a septic patient not being given corticosteroids.

The above considerations and the view that the syndrome is defined by dysfunc-
tion at the level of the microcirculation and tissue mitochondria has led us to term
it the Microcirculatory and Mitochondrial Dysfunction Syndrome (MMDS). In this
model of the syndrome, the underling disease of sepsis is augmented by the therapy
being administered resulting in sub-types of the syndrome so that the two are
inseparably bound to each other when defining the pathogenesis of MMDS and
when considering what subsequent therapeutic approach needs to be considered.
Now that the behavior of these compartments can be studied in patients, new
insights into the pathogenesis and treatment of sepsis are being gained. In this
chapter, a brief review is presented of clinical and experimental studies that focus
on the pathophysiology of oxygen transport to tissue during sepsis and resuscita-
tion. The concept of MMDS is considered as a model for describing sepsis and
resuscitation and its role in the pathogenesis of multiple organ dysfunction syn-
drome (MODS).

The Microcirculation and Oxygen Transport to the Tissues

The aim of the microcirculatory network is to deliver essential nutrients and
oxygen to cells and to remove metabolized products from the tissues. The micro-
circulation consists of narrowing blood vessels connecting the arterial and venous
systems. Arterioles form a diverging network of vessels ranging from first order
arterioles through metarterioles to terminal arterioles supplying the capillary bed,
the central and smallest portion (diameter 7–12 µm) of the microcirculation.
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Blood draining  this bed is collected by post capillary venules that ultimately
converge into large venules. Through fare channels as well as arterio-venous
shunts, together with diffusional shunting can cause pathological shunting of
weak microcirculatory units and cause tissue dysoxia [4]. Metabolic and myo-
genic control of microvessels underlies the autoregulatory mechanisms ensuring
the match of oxygen supply to demand. Hence, from a physiological point of view,
the entire network should be regarded as a functional unit. Its functional behavior,
however, is highly heterogeneous and the microcirculation of each organ differs
both in anatomy and function. Besides different capillary densities and receptors
present, different types of capillaries are present as well, with interrupted, fenes-
trated, continuous or discontinuous membranes. These anatomical differences in
the capillaries explain the different degree of filtration of the microcirculatory
beds in different organ systems. Each organ will of course also have its own oxygen
consumption and blood flow depending on regional metabolic demands. The
regulation of blood flow to the organs and the distribution of oxygen transport
within organs is strictly regulated under physiological conditions, but during
critical illness severely disturbed also as a consequence of the compounds and
fluids being administered. The heterogeneity between organ systems with respect
to oxygen consumption and microvascular properties is depicted in Figure 1.

The classical Krogh model of oxygen transport from the microcirculation to the
tissues dictates that oxygen exchange occurs principally in the capillary bed, but

Fig. 1. Schematic depiction of global
circulation and microcirculatory
blood flow in different organ systems
with organ specific oxygen consump-
tion and flow [VO2 & Q]1–3. Systemic
afterload could be interpreted as mi-
crovascular preload, while systemic
preload could be thought of as mi-
crovascular afterload. Specific vasoac-
tive medication can be chosen to
modulate microvascular perfusion.



recent data on longitudinal and radial oxygen gradients in the arteriolar blood
vessels of most tissues suggests that a significant amount of oxygen is lost from
those vessels [12]. Hence, the oxygen being supplied by capillaries to the tissues
may be secondary to that supplied by arterioles in some tissues. The fractional
oxygen loss in the arteriolar network is thought to depend on the metabolic activity
of the organ involved, the arteriolar network being the main site of delivery in tissue
with low metabolic activity. Conversely, in tissue with a high rate of metabolic
activity and thus high blood flow, the fall in blood oxygen levels appears to occur
in the capillary bed [13]. Also, there is some additional loss of oxygen from the
venular network. In all these cases however, the mean PO2 of the distal venules is
generally higher than that of the post capillary vessels. This effect is likely to be
caused by both convective shunt and a diffusional shunt from arteries to venules.
Thus, oxygen transport to the tissues is achieved by a combination of a convective
mechanism (blood flow) that is highly heterogeneous and a diffusive mechanism,
which together achieve a remarkable homogenous oxygenation of the microcircu-
lation [13]. This shunting becomes more severe in septic than in hemorrhagic shock
and is an indication of the shut down of the microcirculation and the onset of tissue
distress [4].

The Microcirculation in Sepsis

Sepsis, and its sequels septic shock and MODS, represent progressive stages of the
same illness in which a systemic response to an infection mediated by endogenous
mediators may lead to a generalized inflammatory reaction in organs distant from
the initial insult, eventually leading to organ dysfunction and failure [14]. It is now
well accepted that abnormalities in microcirculatory function are a major contrib-
uting factor to MODS in sepsis [15, 16]. Data from experimental animal studies
and from human studies show that almost each functional component of the
microcirculation is affected during sepsis[17].

Oxidative stress in sepsis occurs when the balance is lost between the phagocytic
formation of reactive oxygen species (ROS) – predominantly superoxide (O2

–),
hydrogen peroxide (H2O2), and hydroxide radicals (HO–)-, and their removal by
endogenous antioxidant pathways [18]. An overwhelming production of ROS is
believed to contribute directly to endothelial and tissue injury via membrane lipid
peroxidation and cellular DNA damage. A large number of studies are focusing
their attention on the role of antioxidant defence systems in order to develop new
pharmacological approaches. In septic shock, glutathione, a natural intracellular
antioxidant is decreased. This can lead to decreased protection of cell membranes
against oxygen radicals. N-acetylcysteine (NAC) serves as a precursor for glu-
tathione and can replenish glutathiones stores. Also, NAC can act as a direct
scavenging agent and can produce antioxidant and cytoprotective effects. Further-
more, NAC may improve microvascular blood flow. Rank et al. [19] investigated
the influence of NAC on liver blood flow, hepatosplanchnic oxygen transport-re-
lated variables, and liver function during early septic shock. Patients were conven-
tionally resuscitated with volume infusion and the use of inotropes if required to
obtain a stable condition. They were randomly assigned to receive either a bolus of
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150 mg/kg NAC followed by a continuous infusion of 12.5 mg/kg/hr for 90 min, or
placebo. After NAC treatment, hepatosplanchnic blood flow and function im-
proved. This increase was related to an increase in cardiac index secondary to a
decrease in systemic vascular resistance. However, no statistically significant dif-
ferences in outcome could be demonstrated between the groups [19]. Recently,
NAC was found to have beneficial effects on the activation of nuclear factor-κB
(NF-κB). Administration of NAC resulted in decreased NF-κB activation in pa-
tients with sepsis, associated with decreases in interleukin-8 (IL-8) [20]. These data
suggest that antioxidant therapy with NAC may be useful in blunting the inflam-
matory response to sepsis, but further studies focusing on an improvement in
outcome are warranted.

Local distribution of blood flow in most tissues is mainly determined by the tone
of precapillary arterioles. They are under the influence of intrinsic and extrinsic
factors where local intrinsic factors play a role in phenomena such as autoregula-
tion. In a septic state, the only vascular bed where intrinsic vasoregulation is
preserved is thought to be the cerebral vasculature [17, 21]. Extrinsic factors like
neural and humoral factors are also severely affected during clinical and experi-
mental sepsis induced by lipopolysaccharide (LPS). The arteriolar response to
vasoconstrictors and vasodilators is attenuated in many organs, resulting in a
decrease in peripheral resistance with systemic hypotension because it appears that
the hyporesponsiveness of vasoconstrictors predominates. Paradoxically, at the
microvascular level, sepsis causes heterogeneous effects on constriction and dila-
tion at different levels of the microcirculation [17].

The venular end of the microcirculation is the primary locus of inflammatory
events such as neutrophil adhesion and emigration, and protein and water leakage.
Underlying microcirculatory dysfunction is the presence of inflammatory media-
tors, as well as altered functional states in various cell systems. Endothelial activa-
tion for example, is accompanied by up-regulation of adhesion molecules, swelling
and pseudopod formation, polymorphonuclear (PMN) cell accumulation in or-
gans, adhesion and emigration, and vascular protein leakage coupled to leukocyte
emigration. These events lead to an exaggerated inflammatory response in the
venular bed. Besides vascular and tissue cells, red blood cells are also affected by
sepsis resulting in altered blood viscosity and other hemorheological parameters
[22, 23]. All of the above altered cellular dysfunction will affect microcirculatory
distress and ultimately result in organ dysfunction depending on their respective
contributions and severity, and the time of onset of the septic state, in addition to
the nature of therapy being applied.

In order to obtain direct evidence for tissue hypoxia in patients with sepsis,
partial oxygen pressure was measured within skeletal muscle in humans with septic
shock. In one of these studies serial intermittent and continuous measurements of
skeletal muscle PO2 was assessed by polarographic needle electrodes in patient with
sepsis. The results were compared with patients with cardiogenic shock and pa-
tients with limited infection. Mean skeletal muscle PO2 was increased in patients
with sepsis compared with patients with limited infection and with patients with
cardiogenic shock. In the same study the authors did serial measurements of the
PO2 distribution during seven consecutive days in another group of patient with
sepsis, and the data showed that a more severe degree of sepsis was associated with
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an increase in mean skeletal muscle PO2. They concluded that oxygen utilization
within skeletal muscle decreased with deterioration of sepsis, thereby increasing
skeletal muscle PO2 [24].

Recently, Sair et al. conducted a study in septic patients to assess tissue oxygena-
tion and perfusion [25]. They hypothesized that sepsis is accompanied by regional
hypoperfusion with inherent impairment of peripheral tissue oxygenation. They
employed an amperometric microelectrode technique, laser Doppler flowmetry
and strain gauge plethysmography to assess tissue PO2 (PtO2) and the relative
distribution of perfusion between forearm muscle and subcutaneous tissues in
healthy subjects. They compared these results with those obtained in patients with
established systemic sepsis and in individuals with a transient inflammatory re-
sponse related to cardiopulmonary bypass (CBP). They also investigated tissue
responses induced by forearm ischemia and reperfusion. They found that baseline
muscle PtO2 was higher in septic patients than in volunteers and post CBP patients,
although there were no differences in baseline subcutaneous PtO2. Subcutaneous
and muscle PtO2 decreased during ischemia in all groups, but this decrease was
initially more rapid in septic muscle compared with controls. During forearm
ischemia, baseline red cell flux decreased significantly in healthy volunteers,
whereas red cell flux was higher at baseline in the septic group. The main findings
of this study were that there was an increase in muscle PtO2 tension in systemic
sepsis compared to controls and patients recovering from CBP, and that these
changes were specific to muscle. There was a rapid decrease in muscle PtO2 during
stagnant ischemia and the relative increase in muscle PtO2 was not accompanied
by an increase in microvascular flow in this tissue. The authors concluded that
tissue PO2 recovery during reperfusion appears to be intact. These observations do
not support the concept of impaired tissue oxygenation or extraction as an under-
lying cause of organ failure in sepsis. However, it is important to keep in mind the
differences between organs regarding microcirculatory properties and how they
respond to sepsis. The main limitation of oxygen electrodes is their extremely
limited area of measurement, with penetration depths of approximately 15 µm, and
their sensitivity to arterial oxygenation [26]. They measure an average PO2 of tissue
cells, capillaries, and larger blood vessels in the vicinity of the electrode and may
therefore miss the presence of hidden hypoxic areas because oxygenation is highly
heterogeneous at this level. In addition, since laser Doppler flowmetry provides a
relative signal of red blood cell flow from an unknown tissue volume, it is unable
to discriminate fundamental capillary stopped-flow or flow heterogeneity induced
by sepsis. While the exact mechanism of microvascular stasis is still to be deter-
mined, it is clear that sepsis causes local regions of ischemia in the tissue by virtue
of capillary stopped-flow (27).

Microcirculatory Weak Units and PO2 Gap

During hypoxemia, oxygenation of the microcirculation can become highly het-
erogeneous, with well-oxygenated microcirculatory units next to hypoxic units.
The properties of such disadvantaged microcirculatory units was studied effec-
tively with the use of NADH fluorescence by Ince et al. in different models. These
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microcirculatory units were termed microcirculatory weak units because they are
the first to become dysoxic during distress and the last to recover from an episode
of ischemia. Pd-porphyrin phosphorescence imaging and embolism by micro-
spheres of different diameters identified these microcirculatory weak units as
being composed of capillary vessels and they were found to reside close to the
venules, where the well oxygenated units were found next to the arterioles. The
presence of such hypoxic microcirculatory weak units suggests that these units are
being shunted during hypoxemia. This would be expected to result in microcircu-
latory PO2 values becoming lower than venous PO2 values. In several studies,
Pd-porphyrin phosphorescence was used to analyze the behavior of microcircula-
tory PO2 during hemorrhagic shock and resuscitation in pig ileum [26, 28]. The
results of these studies showed that under normoxic conditions serosal microcir-
culatory PO2 was equal to, or slightly higher than venous PO2. During hemor-
rhagic shock, however, venous PO2 decreased to a plateau level, whereas microcir-
culatory PO2 continued to decrease in value. This resulted in an increasing dispar-
ity between the microcirculatory PO2 and the venous PO2. This disparity was
termed the PO2 gap reflecting the consequences of oxygen shunting of the micro-
circulation. Resuscitation with crystalloid or Hb solutions was able to restore this
gap to baseline levels. To study the role of microcirculatory PO2 during the early
phases of sepsis, Pd-porphyrin phosphorescence studies were carried out in pig
intestines [29]. At baseline, serosal microcirculatory PO2 was equal to or slightly
higher than venous PO2. During endotoxemia, microcirculatory PO2 decreased in
value and the PO2 gap between microcirculatory and venous oxygen levels in-
creased with time. The gap in PO2 occurred prior to the deterioration of other
variables, although gastric tonometry correlated positively with the severity of the
PO2 gap. Microcirculatory PO2 was equally depressed in both hemorrhagic and
septic shock, but the PO2 gap was more severe in the septic animals. This differ-
ence in the PO2 gap was interpreted as reflecting a larger shunting fraction present
during endotoxemia than during hemorrhage. Shunting of oxygen from the mi-
crocirculation could explain the condition in sepsis in which signs of regional
dysoxia are evident despite apparently sufficient oxygen delivery. The presence of
microcirculatory weak units was first identified in the heart and soon microcircu-
latory weak units were also found in other organs such as the mucosal villi of the
intestines and the cortex of the kidney, but not in cat skeletal muscle [30]. These
findings suggest that the presence of microcirculatory weak units in different
organs and their reaction to hypoxemia and sepsis, is dictated by the specific
microcirculatory architecture. Nevertheless, shunted parts of the microcircula-
tory network should be recruited, for instance by locally acting vaso-active modu-
lators. One of the central players in hemodynamic abnormalities of the microcir-
culation is nitric oxide (NO), not only due to its role in determining autoregula-
tion but also due to its heterogeneous expression of the inducible NO synthase
(NOS), and its effects on hemorheological parameters such as red blood cell
deformability (31).

NO has both beneficial and detrimental effects on many organ systems. In the
endothelium, NO functions as a regulator of vascular tone, thereby modulating
microvascular perfusion, and as an inhibitor of platelet adhesion and aggregation.
Release of NO is highly controlled by shear stress of flowing blood acting on the
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endothelial cells in all arteries of the body. Bacteremia results in a cytokine-medi-
ated induction of inducible NO synthase (iNOS) in macrophages, hepatocytes,
cardiac cells, and especially in vascular smooth muscle cells. After iNOS induction,
smooth muscle cells produce large amounts of NO. The resulting inhibition of
responsiveness to norepinephrine leads to a loss of vascular tone and the large
amounts of NO to loss of auto regulatory capacity. In fact, the pathogenetic role of
NO in sepsis and septic shock can encompass both vascular alterations and the
direct cellular toxic effects on NO or NO-released compounds. Mice lacking iNOS
have been reported to be resistant to endotoxin-induced mortality and vascular
hypo contractility [32]. In addition, NO exerts in vitro toxic effects including
nuclear damage, protein, and membrane phospholipid alterations, and the inhibi-
tion of mitochondrial respiration on several cell types [33]. The toxicity of NO itself
may be enhanced by the formation of peroxynitrite from the reaction of NO with
superoxide. However, the relevance of mitochondrial dysfunction in vivo is ques-
tionable as administration of SIN-1, an NO donor, in a canine [34] and a pig [35]
model of endotoxic shock increased oxygen extraction capabilities. On the other
hand, NO may protect cells from oxidative damage by scavenging oxygen free
radicals and inhibiting oxygen free radical production. From a shunting point of
view, providing additional NO by giving NO donors may be expected to have a
beneficial effect on the microcirculation due to its enhancing the driving pressure
to the microcirculation because of its vasodilatory effect and thereby opening weak
microcirculatory units which otherwise would have been shunted. In addition,
other beneficial effects of NO on the microcirculation such as its anti-adhesive
effects and improved erythrocyte deformability would be expected to improve
perfusion and recruit shunted microcirculatory units. Based on this idea, several
NO donors have been tested in relation to sepsis and regional and microcirculatory
oxygen transport in experimental animals and recently in humans. The NO donor
SIN-1 has been used in endotoxic dogs, where it increased cardiac index and
superior mesenteric blood flow without affecting arterial pressure or global oxygen
extraction [34].

Nevertheless, it is important to remember that most NO research has been
conducted in animal and in vitro studies and many of the controversial and
contradictory results can arise from the differences in the species studied, the
model of sepsis employed, and the timing of measurements [33]. From a hemody-
namic point of view, vasodilation is expected to open the microcirculation. Indeed,
there is considerable evidence from animal experiments indicating the potential
benefit of vasodilators in the presence of sufficient volume [36]. Clinical studies,
however, are limited to those involving prostacyclin. Based on our hypotheses that
a vasodilator drug with a sufficient amount of volume might improve DO2 and VO2
within vulnerable areas by recruitment of weak microcirculatory units at risk, and
that correction of microcirculatory shunting may contribute to resuscitation
strategies in sepsis [4], we tested the efficacy of the NO donor SIN-1 to resuscitate
gut microcirculatory oxygenation in a clinically relevant porcine model of septic
shock and resuscitation [35]. Intestinal PCO2, organ blood flow and microcircula-
tory PO2 (µPO2) of serosa and mucosa of the ileum were measured simultaneously.
Microcirculatory PO2 was measured using the PO2 dependent quenching of Pd-
porphyrin phosphorescence technique. Results showed that LPS injection resulted
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in a decrease in mean arterial pressure (MAP), cardiac index (CI), and regional
blood flow, while fluid resuscitation restored cardiac output in both groups. MAP
remained decreased in both groups but SIN-1 generated significantly higher values
of MAP. The systemic vascular resistance (SVR) was depressed following fluid
resuscitation and restored to baseline values in the SIN-1 group. DO2 and VO2
increased in response to fluid therapy alone and were significantly higher than in
the SIN-1 group. Arterial and mesenteric lactate increased. Superior mesenteric
artery blood flow decreased together with µPO2 of the ileal mucosa and serosa. This
decrease was accompanied by an increase in the intestinal PCO2gap. Administering
fluids alone or together with SIN-1 increased flow and mucosal µPO2 to baseline
levels. SIN-1 produced a significantly higher serosal µPO2 and normalization of the
intestinal PCO2 gap. These findings support the notion that therapy including
vasodilators can recruit shunted microcirculatory units and improve tissue oxy-
genation while maintaining systemic hemodynamic parameters above shock val-
ues.

In a recent study in pigs, we found that infusion of the highly selective iNOS
inhibitor 1400W, in an endotoxic shock model comparable to the SIN-1 experi-
ment, was also able to restore µPO2 of the serosal and mucosal side of the ileum
[29, 35]. The use of 1400W corrected the intestinal PO2-gap and thereby the
functional shunting of oxygen with normalization of the PCO2-gap. According to
the SIN-1 study cited above, the control group was resuscitated with fluid alone
and showed persistent signs of functional shunting. The use of 1400W restored
global hemodynamic parameters after endotoxic shock to baseline and corrected
the epicardial µPO2 .In earlier studies we had found that dexamethasone (also an
iNOS inhibitor) was able to correct autoregulatory failure in septic rat heart where
endotoxin-induced iNOS overproduction underlies heart autoregulatory function
(37). These results, in combination with immunohistological studies showing a
heterogeneous expression of iNOS during endotoxemia, support the notion that
specific iNOS inhibitors could have beneficial effects on correcting pathological
heterogeneity in regional flow and restoring autoregulatory function. One could
hypothesize that this may be one of the beneficial effects of the clinical administra-
tion of corticosteroids in the treatment of sepsis.

Clinical Estimates of Microcirculatory Function

The expedient detection and correction of tissue dysoxia may limit organ dysfunc-
tion and improve outcome. However, tissue dysoxia is very difficult to detect at
the bedside because there are neither specific clinical signs, nor simple laboratory
tests. We are stuck with simple clinical signs of organ dysfunction such as hypo-
tension, oliguria, altered mental status, a disturbed acid-base balance, or high
lactate levels. One should however be cautious in interpreting these signs, since
many of them may not be present in septic patients, or when they are present,
could be very late indicators of organ dysfunction. In fact, it may well be too late
for the resuscitation of these patients, since they could already have entered the
refractory phase of shock. More invasive methodologies such as the measurement
of cardiac output or mixed venous oxygen saturation (SvO2) levels are also criti-
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cized, because these global measures of hemodynamic and oxygen transport pa-
rameters including cardiac output, SVR, MAP, and oxygen consumption and
extraction provide whole body information on the status of the cardiovascular
system but fail to assess the microcirculatory level vital for organ function and in
fact the target tissue of sepsis [16].

Lactate levels are thought to reflect anaerobic metabolism associated with tissue
dysoxia and might predict a response to therapy and prognosis [38]. 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 [39]. SvO2 can be measured
using a pulmonary artery catheter. The SvO2 is thought to reflect the average
oxygen saturation of all perfused microvascular beds. In sepsis, microcirculatory
shunting can cause normal SvO2 while severe local tissue dysoxia is present [4].
Delayed therapy aimed at normalization of SvO2 failed to demonstrate a survival
benefit [6, 7]. Optimization of DO2 may have been instituted too late in these
studies, when irreversible cellular damage was already present. In addition, the
high doses of dobutamine needed to reach preset goals of DO2 may have negatively
affected the outcome. Nevertheless, besides ongoing discussions regarding the use
of a pulmonary artery catheter in sepsis, the sole use of SvO2 seems an inadequate
parameter as guideline for therapy in the restoration of local tissue oxygenation in
septic shock patients. It is still useful to measure SvO2 because SvO2 decreases if
cardiac output becomes inadequate. Hence SvO2, if normal or high does not
necessarily indicate that everything is alright, while a low SvO2 should prompt rapid
intervention to increase DO2 to the tissues [40]. If, however, an integrative ap-
proach is used in the early stage of treating critically ill patients, states of hypoper-
fusion might be recognized earlier [41], and, if early treatment is started, may even
improve survival [42]. It is likely that the results of the Rivers study are largely due
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 [6, 7].

In the last few years, an interesting debate in the critical care arena has centered
around the definition of resuscitation end points in the treatment of patients with
sepsis. Many attempts have been made to look for specific regional organ monitors.
In this context gastric tonometry has appeared to be the only organ specific monitor
of tissue dysoxia currently available, since splanchnic hypoperfusion occurs early
in shock and may occur before the usual indicators of shock. Although an early
clinical trial had suggested that tonometry derived parameters may be useful in
guiding therapy [43, 44], these findings were not confirmed recently [45] and its
limited sensitivity and specificity has been highlighted. In sepsis, the interpretation
of tonometric results is affected by microcirculatory shunting. This complicates
the clear establishment of impaired perfusion, since areas with reduced perfusion
and CO2 off-loading are next to hypoxic regions [46]. Intramucosal PCO2 can
increase in the intestinal lumen by two mechanisms: by HCO3– buffering of protons
from the breakdown of high-energy phosphates and metabolic acids generated
anaerobically, which would represent dysoxia or in an aerobic state it might be the
result of hypoperfusion and decreased washout. In this case oxygen metabolism
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could be preserved if the flow were adequate. In an attempt to demonstrate that a
rise in PCO2 could reflect only a decrease in blood flow, Dubin et al. conducted a
study in sheep where DO2 was reduced by decreasing either flow (ischemic hy-
poxia) or arterial oxygen saturation (hypoxic hypoxia). The PCO2 increased in the
ischemic hypoxia group  but remained unchanged  in hypoxic  hypoxia. These
results suggest that a change in PCO2 may be determined primarily by blood flow
[44]. Later, the same group found similar results in a model of endotoxemic sheep
where they compared two groups treated with LPS, one of which received hyper-
resuscitation with fluids; in this group no improvement in PCO2 could be demon-
strated.

To define whether the gastric mucosal–arterial PCO2 gradient (PCO2 gap) reli-
ably reflects hepatosplanchnic oxygenation in septic patients, Creteur et al. per-
formed a prospective, observational clinical study, where they measured hepa-
tosplanchnic blood flow by the continuous indocyanine green infusion technique
and gastric mucosal PCO2 by saline tonometry in 36 hemodynamically stable
patients with severe sepsis [47]. Suprahepatic venous blood oxygen saturation and
PCO2 also were measured. They determined the mesenteric veno-arterial PCO2 as
the difference between the suprahepatic venous blood PCO2 and the arterial blood
PCO2. They found significant correlations between the hepatosplanchnic blood
flow and the suprahepatic venous blood oxygen  saturation, and between the
hepatosplanchnic blood flow and the mesenteric veno-arterial PCO2 gradient.
However, there was no statically significant correlation between cardiac index and
hepatosplanchnic blood flow, suprahepatic venous blood oxygen saturation, or
mesenteric PCO2 veno-arterial gradient, and between PCO2 gap and cardiac index,
hepatosplanchnic blood flow, the suprahepatic venous blood oxygen saturation, or
the mesenteric veno-arterial PCO2 gradient. In this study, the lack of correlation
between CI or SvO2 and hepatosplanchnic blood flow or suprahepatic venous blood
oxygen confirmed that the global assessment of systemic oxygen transport lacks
the sensitivity to detect regional gut hypoperfusion. The authors hypothesized that
one possibility to explain these data is that the PCO2 gap reflects merely the
perfusion state of the gastric mucosa whereas hepatosplanchnic blood flow, supra-
hepatic venous blood oxygen saturation and mesenteric veno-arterial PCO2 gradi-
ent are global indices of oxygen supply to the liver and the different layers of the
gut (mucosa, muscularis and serosa). In this context, the countercurrent vascular
anatomy in the gut villi renders the tip of these villi very vulnerable to hypoxia. The
existence of hypoxic arteriovenous shunts at the top of these villi could result in an
increased PCO2 gap from the combination of anaerobic CO2 production and CO2
stagnation because of the existence of unperfused mucosal areas. On the other
hand, the serosa is extremely sensitive to shunting since oxygen is primarily
diverted to the mucosa during fluid resuscitation. Also, there is enhanced iNOS
expression in the villi reducing microcirculatory resistance to this compartment.
Under such conditions, the luminal CO2 being measured could also originate from
hypoxic serosa. Therefore, the interpretation of PCO2 gap monitoring is complex
and requires further study. Recently, gastric intramucosal PCO2 values were found
to be well correlated with sublingual PCO2 (PslCO2) values [48]. The baseline
difference between PslCO2 and arterial PCO2 values was a better predictor of
survival than the change in lactate or SvO2 [49]. Further studies should demonstrate
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whether this parameter can be used in the clinical management of the patient with
septic shock.

We recently introduced [50, 51], validated [52], and clinically applied [15, 53,
54] a new method to observe the microcirculation in patients called orthogonal
polarization spectral (OPS) imaging that creates high contrast images without the
use of fluorescent dyes. This technique is based on the invention by Slaaf et al. who
found that illumination of tissue with green polarized light and filtering reflected
by cross polarization resulted in much superior images of the microcirculation
when observed under intravital conditions [55]. For OPS imaging a 5× objective
(on-screen magnification of 326×) is used during measurements. Data are recorded
on a digital videorecorder for later analysis and visualized on a black and white
monitor. Because the OPS machine is a small hand held device, it can be used at
the bed-side in humans as well as during surgery and a wide variety of clinical
scenarios [51] to uniquely visualize on line images of blood cells flowing in the
microcirculation in patients. Although nailfold microcirculatory blood flow as
established by OPS imaging correlates very well with intravital microscopy mi-
crovascular flow when analyzed by specific video-analysis-software [52], this quan-
titative approach proved unusable with sublingual images due to movement arti-
facts induced by tongue movements or respiration. Therefore, a semi-quantitative
approach was successfully used to analyze changes in microcirculatory flow [15,
56].

Resuscitating the Microcirculation

Resuscitation strategies based on the correction of upstream hemodynamic vari-
ables and systemic parameters of DO2 do not correct downstream indicators of
dysoxia. This may in part be explained by the so-called shunting theory of sepsis
where microcirculatory units are shunted at the regional level causing patchy
hypoxic areas. The therapeutic consequence of this shunting theory implies that
procedures aimed at opening and recruiting the microcirculation would be ex-
pected to improve regional organ function and tissue distress. Several studies have
been performed aimed at recruitment of the tissue microcirculatory flow by use of
vasodilators [36]. Radermacher et al. treated septic shock patients with prostacy-
clin when no further increase in DO2 could be obtained by volume resuscitation
and dobutamine infusion. Gastric intramucosal pH (pHi) improved after starting
prostacyclin, suggesting an increase in splanchnic blood flow [57]. Bihari et al.
found that, after increasing DO2 with the vasodilator prostacyclin, all patients
survived when the increase in DO2 did not coincide with an increase in VO2,
whereas all patients died who showed increasing VO2 [58]. Vasodilation may thus
unmask an existing tissue oxygen-debt. By recruitment of the microcirculation,
oxygen might have become available to previously hypoxic tissues that were shut
down. This concurs with the finding that the glucose oxidation rate improves in
septic patients after treatment with prostacyclin [59]. Apparently, the microcircu-
lation in sepsis fails to support adequate tissue oxygenation unless adequately
targeted for resuscitation. At the same time, the low peripheral resistance in sepsis
cannot be interpreted as a sign of adequate tissue perfusion. Especially in septic
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shock, alterations in metabolic pathways called cytopathic hypoxia may lead to
additional tissue damage [11].

Oxygen consumption increases with a concurrent increase in DO2 under nitrate
administration [60]. Based on the hypothesis that NO production is increased in
sepsis, experiments in septic animal models were performed and indicated that
hypotension could be prevented by the inhibition of NOS. This led to clinical
studies with several compounds capable of inhibiting NO synthesis. Early promis-
ing data showed increasing blood pressures and decreasing doses of vasopressors
in septic shock patients treated with NOS inhibitors [61]. However, a subsequent
randomized, controlled, multicenter, phase III trial was stopped when interim
analysis showed increased mortality in the L-NMMA group compared to placebo
[62]. Inhibition of NOS activity seems to result in an apparent improvement in the
general hemodynamic situation at the cost, however, of increased mortality [33].
Apparently, completely inhibiting vasodilation is not the proper answer to sepsis.
A more specific approach by inhibiting only the inducible form of NOS may be an
attractive alternative. Indeed, after application of 1400W (a synthetic iNOS-
blocker) in a porcine endotoxemia model, microvascular perfusion was restored
due to a redistribution within the gut wall and/or an amelioration of cellular
respiration [63].

It seems an appealing thought that the impairment of microcirculatory perfu-
sion results in organ failure and increases the risk of death. Indeed, survival was
related to microcirculatory shut-down in rats that were hemorrhaged and sub-
sequently blood volume resuscitated, although whole body hemodynamic parame-
ters were comparable in survivors and non-survivors [64]. Comparable findings
were recently reported in humans with septic shock. De Backer et al. reported that
sublingual microcirculatory perfusion was more compromised in non-surviving
than in surviving septic shock patients [56]. So, is the sublingual microcirculation
a mirror of total body microcirculatory dysfunction? We observed normal sublin-
gual microcirculatory perfusion in a septic patient with hepatic failure who re-
ceived high doses of norepinephrine (Spronk P, unpublished observation). Dubois
et al. recently reported a comparable observation in a septic patient treated with
vasopressin [65], whereas others observed sublingual microcirculatory shut-down
with the use of vasopressin (personal communication). Larger studies should
demonstrate why these patients behave differently to apparently the same therapy.
Nevertheless, De Backer et al. showed that microcirculatory perfusion improved
over time in survivors, whereas the derangement of perfusion in the microvessels
of the non-survivors remained [56]. In addition, they showed that sublingual
microcirculatory perfusion abnormalities could be corrected by topical application
of acetylcholine, thus  demonstrating  that the local endothelium  was still NO
responsive, whereas vasoplegia due to ongoing sepsis might be expected. Nitric
oxide is an important vasodilator in the microcirculation during sepsis [66]. As
mentioned above, we have shown that NO donors in the presence of adequate
amounts of volume are highly effective in correcting microcirculatory oxygenation
following endotoxemia in a pig model of sepsis, with both mucosal and serosal
microvascular PO2 as well as intraluminal gastric PCO2 being restored to baseline
values [35]. These findings led us to hypothesize that addition of systemic NO to
adequately volume resuscitated patients with septic shock would result in an
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improvement in microcirculatory perfusion. In a small observational study in
septic shock patients, we were indeed able to demonstrate an improvement in
sublingual microcirculatory perfusion after the injection of 0.5 mg nitroglycerin
[15]. The observation of capillary shutdown next to sustained flow in the larger
vessels corroborates the shunting theory of sepsis and indicates the vulnerability
of the capillaries also identified by De Backer and co-workers. Upon administration
of nitroglycerin, microcirculatory flow increased not only in large, but also in small
microvessels showing the efficacy of targeting a resuscitation procedure aimed at
the microcirculation. It is important to point out several important issues during
the administration of nitroglycerin in our study. All septic patients received a single
dose of 1 mg/kg dexamethasone at admission to the ICU as part of standard
treatment. This is based on the hypothesis that dexamethasone infusion mitigates
the pro-inflammatory mediated induction of iNOS expression. As resuscitation
endpoints, we first aimed at a central venous pressure (CVP) of at least 10 mmHg
by infusing crystalloids and colloids. If the MAP remained below 60 mmHg, we
started dopamine, and if necessary norepinephrine. After these predefined resus-
citation endpoints were reached, nitroglycerin was infused, a drip was started
(average 2 mg/hr), and microcirculatory observations were made. Although sys-
tolic blood  pressures  dropped temporarily with fast recovery, CVP pressures
remained quite stable. In our opinion, this means that venous capacitance was
adequately filled in the patients studied. The infusion of nitroglycerin in a con-
stricted venous system would have resulted in a huge drop in both arterial and
venous pressures, requiring fast infusion of more fluids to compensate for dilation
of the venous reservoir.

All of the patients in this study were discharged from the hospital alive except
one who died from late cerebral hemorrhage. This suggests that one can actively
open-up the microcirculatory network, and keep it open by volume and vasodilator
therapy. Further studies should demonstrate whether this line of thought regarding
therapy in sepsis can be guided by microcirculatory flow patterns and may result
in a better outcome.

Mitochondrial Dysfunction

Increased tissue PO2 in some organs of animals and patients with sepsis together
with low VO2 and absence of cell death, lead to the hypothesis that in sepsis
oxygen is available but not utilized. Hence, different biochemical mechanisms or
mediators have been suggested to account for cellular dysfunction and cytopathic
hypoxia in vitro and in animal studies, including the inactivation of pyruvate
dehydrogenase, the reversible inhibiton of cytochrome oxidase by NO, inhibition
of mitochondrial respiratory complexes by peroxinitrite and activation of the
nuclear enzyme poly(ADP-ribosyl) polymerase (PARP). Mitochondrial oxidative
phosphorylation is responsible for over 90% of the total body oxygen consump-
tion and ATP generation. The respiratory chain includes four individual enzyme
complexes which can be inhibited by reactive oxygen and nitrogen species such as
NO. This process is facilitated by depletion of the anti oxidative defense systems
such as glutathione.
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In a recent study, Brealey et al. investigated whether alterations in bioenergetic
status in severe sepsis are associated with increased NO production, mitochondrial
dysfunction, and antioxidant depletion, and whether these abnormalities relate to
organ failure and to outcome [67]. These investigators did skeletal muscle biopsies
on 28 critically ill septic patients within 24 h of admission to the ICU and on nine
control patients undergoing elective hip surgery. The biopsy samples were ana-
lyzed for respiratory-chain activity (complexes I-IV), ATP concentration, reduced
glutathione, and nitrite-nitrate concentrations. They found a significant reduction
in ATP concentrations in septic patients who died in comparison to surviving septic
patients and controls. Also, they found that Complex I activity had a significant
inverse correlation with norepinephrine requirements and mortality. There was a
significant positive correlation between tissue concentrations of nitrite/nitrate and
severity of disease. They concluded that in patients with sepsis there is an associa-
tion between NO overproduction, antioxidant depletion, mitochondrial dysfunc-
tion, and decreased ATP concentrations that relate to organ failure and outcome.
These data suggest that bioenergetic failure is an important pathophysiological
mechanism that accounts for multiorgan dysfunction in sepsis. However, it is not
possible to rule out an alteration in microvascular flow, an early well-known
alteration in sepsis from this study. Thus it is not clear whether mitochondrial
dysfunction can develop in the presence of sufficient amounts of oxygen. Also, a
microcirculatory control defect can result in cytopathic hypoxia.

Microcirculatory and Mitochondrial Dysfunction Syndrome:
A New Look at Sepsis

Patients with septic shock show different signs and symptoms depending on the
time of presentation and on which therapies have been initiated. In the early
stages, septic shock is characterized by a pattern of low cardiac output and high or
normal SVR. With fluid resuscitation, both animal and human data have indi-
cated a subsequent switch to a hyperdynamic state, characterized by a low SVR
with or without hypotension, a high cardiac output, an increased DO2, an in-
creased VO2, and impaired oxygen extraction capacity [68]. In spite of increased
oxygen transport, there are signs of tissue dysoxia as expressed by high lactate
levels  and  acid-base  disturbances.  Whether these disturbances are caused by
shunting due to microcirculatory dysfunction and/or impaired mitochondrial
function is still a matter of debate.

It is becoming clear that sepsis is a disease of the microcirculation and, in its
extension, of the mitochondria, given that systemic hypovolemia has been cor-
rected. Hence, it seems appropriate to define this syndrome as MMDS. In this way
the name focuses on the pathophysiology compartment underlying the disease. It
is evident from experimental and clinical data that MMDS is a condition poorly
reflected by systemic hemodynamic and oxygen derived variables, which explains
why in the past such parameters have provided poor resuscitation end-points. It is
likely that in the progress of MMDS, microcirculatory dysfunction is followed by
mitochondrial failure. As sepsis and its sequelae severe sepsis, septic shock and
multi organ failure represent progressive stages of the same illness, so MMDS is
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also a disease spectrum. In the paragraphs above, we have discussed the evidence
indicating that the changes in the microcirculation occur in the early stages of
sepsis and that detecting and implementing early therapy directed to recruit the
microcirculation could improve outcome. If the disease is not corrected timely,
mitochondrial dysfunction could ensue. That is why timing forms an important
classification parameter in the definition of MMDS and will define the nature of
the pathophysiology of the syndrome as well as the most appropriate therapeutic
strategy. In this line of thinking, the different stages and the factors involved in the
development of MMDS can be defined (Fig. 2).

A. Time

Stage 1. The patient has systemic inflammatory response syndrome (SIRS) or
deterioration of vital organ function. This stage is often difficult to recognize for
the untrained eye, since major signs of a deteriorating clinical condition are lacking.
One might suspect a problem when peripheral temperature is low, mottled skin is
present, or the patient’s breathing pattern has changed. If recognized in time,
further deterioration might be prevented by the start of adequate therapy. Seventy
percent of patients with an in-hospital circulatory arrest show disturbances in basic
vital signs in the 6 hour  period  preceding  their  arrest [69]. It could be that
deterioration of the microcirculation is evident at this stage.

Fig. 2. The development of microcirculatory
and mitochondrial dysfunction syndrome
(MMDS) depends on the stimulus (HIT),
specific host factors, time, and therapy.
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Stage 2. The patient is in severe sepsis or septic shock and resuscitation strategies
should be implemented as soon as possible. The recent data by Rivers et al. have
convincingly demonstrated that early individualized optimization of global DO2
results in a better outcome [42]. The problem is of course timing. At presentation,
the doctor is frequently unaware of the time that the patient has already been ill,
which means that cellular dysfunction and organ failure could already be present.
If the patient presents early in the disease process and treatment is started without
delay, many potentially life threatening problems might be prevented. If, however,
the patient is a sturdy non-complainer and presenting in a critically ill condition,
some cellular and organ damage may be difficult to reverse.

B . Microcirculatory Blood Flow

In the first stages of shock, microcirculatory function is used to maintain global
circulation by redirecting blood flow to the most vital organ beds like the heart
and brain. Microvascular blood flow in compliant vascular beds like the skin and
intestine decreases, i.e., these microvascular networks are decruited and shunting
phenomena are present. If local DO2 falls below a critical level, dysoxia occurs
present. Organ function seems rather resistant to hypoxic stress, and can restore
after a period of dysfunction. Nevertheless, if the period of dysoxia persists for too
long organ dysfunction can ensue.

C. Mitochondrial Dysfunction

Secondary to a period of cellular dysoxia, mitochondrial function becomes im-
paired. It is unclear to what extent such mitochondrial dysfunction is reversible.
Preliminary data from animal studies indicate that this process may be reversible
[71]. Undoubtedly, however, this reversibility will be time-dependent. Further
studies aimed at understanding mitochondrial behavior in situ are needed.

D. Therapeutic Modalities

When a state of shock seems present, fluid administration remains the corner
stone of treatment [40]. In addition, the right antibiotic should be given. When-
ever an adequate arterial pressure and organ perfusion cannot be reached by fluid
administration alone, therapy with vasoactive agents should be started. Vasopres-
sor therapy may also be required transiently to sustain life and maintain perfusion
in the face of life-threatening hypotension, even if cardiac filling pressures are not
elevated [40]. One should also be conscious about global indicators of dysoxia, i.e.,
mixed venous oxygen (S(c)vO2) and lactate levels. The hematocrit and cardiac
output should be optimized, with individual patient characteristics kept in mind,
for instance by using vasodilators like ketanserin or nitroglycerin, inodilators like
milrinone or calcium sensitizers like levosimendan. The initial treatment with
high doses of dexamethasone, known to block the production of iNOS, may also
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influence microvascular perfusion by modulation of the NO pathway. If, however,
an integrative approach is lacking and for example blood pressure is used as a sole
target, derangement of organ perfusion may continue undetected as part of
MMDS. In this way, one can imagine that the line of therapy in the septic patient
plays an important role in the clinical presentation and definition of the type of
MMDS.

Treatment of MMDS

As described above, MMDS comprises a spectrum of symptoms and signs follow-
ing microcirculatory and mitochondrial dysfunction and manifests itself after
resuscitation of the systemic macrocirculation. Hence, restoration of microcircu-
latory perfusion and function is crucial when considering therapeutic options. But
what should be done first? And what tools should we use to monitor therapy in our
patients? Recent data have indicated that microcirculatory perfusion might still be
deranged after filling pressures and cardiac output are optimized [15]. This un-
derscores the need to direct therapy at the microcirculation per se and that correc-
tion of systemic parameters are not effective in rescuing the microcirculation per
se. Microcirculatory derived parameters such as those derived from OPS-imaging
and sublingual capnography will be expected to help understand the pathophysi-
ology of MMDS and identify the response to therapeutic interventions. A step-
wise approach can be contemplated whereby initially the microcirculation is re-
cruited followed by support to the mitochondria in the form of substrate and
mediators such as PARP inhibitors. Application and timing of these therapeutic
modalities will depend on the type and phase MMDS is in and will include such
factors. Adequate monitoring and appropriate interventions as well a fundamen-
tal understanding of the pathophysiology and dynamics of the syndrome may
result in improvement of outcome in such critically ill patients.
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