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Introduction 

For many decades the specific vascular architecture of the gut and its hormonal response to 

shock has been studied. The discovery of extensive intestinal microvascular reactions in the 

absence of changes in systemic pressure variables [1,2] was a trigger to a long list of both 

preclinical and clinical research in this field. Today, microcirculatory distress in the gut is 

believed to be an early stage in the development of Multiple Organ Dysfunction Syndrome 

and has been hypothesised to be an important contributing factor in its development 

[3]. Dysregulation of the intestinal microcirculation by sepsis related mediators and 

inflammatory cells may lead to loss of barrier function, endothelial cell dysfunction and 

enhance clotting, red blood cell rigidity and leukocyte activation [4] and finally promotes 

cell death . However, the role of microcirculatory shutdown and concomitant impairment 

of oxygen delivery as a pathophysiologic entity in the development of cell dysoxia is 

still under debate. A number of different biochemical mechanisms, including reversible 

inhibition of cytochrome aa
3
 by nitric oxide, de-energization of the redox couple of 

mitochondrial nicotinamide adenine dinucleotide (NAD+/NADH) and irreversible inhi-

bition of mitochondrial respiratory complexes by peroxynitrite have been described [5]. 

Whether this ‘cytopathic hypoxia’ in vivo may develop independently of insufficient oxygen 

supply, or must be seen as a cellular response to dysoxia, needs to be illuminated.

In this article we will focus on microvascular blood flow alterations in the gut during sepsis, 

and discuss recently published techniques with a promising potency to unravel existing 

controversies in septic shock and its treatment.

Tissue oxygenation

Clinical observations on impairment of regional perfusion (e.g. big toe temperature) and 

its prognostic value have been made for many years [6,7]. However, bedside decisions were 

mainly made on the basis of gross systemic hemodynamic parameters. Moreover, in sepsis, 

where the alterations of microcirculatory blood flow have been described extensively, the 

use of vasopressors is still considered to be an important clinical tool [8]. On one hand, the 

introduction of regional measurement techniques has highlighted the inadequacy of global 

hemodynamic monitoring in regard to possible failure of microcirculatory oxygenation, 

but on the other hand it has also contributed to the controversy on what level of tissue 

oxygenation is considered ‘adequate’. Ideally, ‘adequate’ should be defined on the level of 

cell function and energy utilisation. However, such parameters are not easily available and 

might not always reflect a situation of adequate oxygen supply. For example, returning 

blood pressure to normal levels, after tubular necrosis has happened, will not be followed by 

(immediate) return of renal function. If hibernation of the cell, due to a biochemical shutdown 

of energy utilisation within the mitochondrial respiratory chain exists [9], restoration of 
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oxygen supply by means of microvascular ‘repair’ after a long period of inadequate supply, 

will not automatically lead to revitalisation of such biochemical mechanisms. Whether 

mitochondrial failure is the culprit or not, ensuring ‘adequate’ oxygen supply to the 

microcirculation is an essential (first) step in the resuscitation of vital cell functions.

Regional techniques

Many techniques have been advocated to measure intestinal flow and adequacy of tissue 

oxygenation. Intestinal flow measurements include laser-Doppler and indocyanine green 

infusion [10], whereas assessment of the presence of dysoxia has been carried out by lactate 

measurements, gastric tonometry and oxygen electrodes. A rise in blood lactate is considered 

to reflect anaerobic cellular metabolism associated with tissue dysoxia, but direct sepsis 

mediated lactate production and changes in lactate clearance complicate the interpretation 

[11]. Gastric tonometry is a minimal invasive technique that detects intracellular dysoxia 

by measuring intraluminal pCO
2
 in relation to systemic pCO

2
; an increment in pCO

2
 gap 

reflects intracellular acidosis as a result of dysoxia. Reliable interpretation is possible after 

elimination of methodical errors like prepyloric feeding and lack of gastric suppression 

[12]. 

Direct measurement of tissue oxygen pressure with the use of polarographic oxygen 

electrodes has also been performed in the gut [13]. With a penetration depth of around 

15 μm the electrodes measure an average pO
2
 of tissue cells, capillaries and larger blood 

vessels around the probe. Conflicting results may be due to hidden hypoxic microcirculatory 

units next to well-perfused normoxic or hyperoxic units, since a pathologic heterogeneity of 

blood flow within one organ seems to be an important characteristic of the microcirculation 

during sepsis [14,15]. High tissue pO
2 

can be a result of cell death, mitochondrial injury, 

increased O
2
 delivery or microvascular arteriole-to-venule convective shunting. To 

address this problem, optical spectroscopy has been developed [16,17]. In these non-

invasive techniques phosphorescence spectroscopy is used to measure oxygen pressures 

in the microcirculation, reflectance and absorbance spectrophotometry for haemoglobin 

saturation in microcirculatory blood, and fluorescence spectroscopy to measure cellular 

mitochondria energy state [18].

Oxygenation of the microcirculation

Oxygen transport to the tissue is achieved by a combination of a heterogeneous convective 

mechanism (e.g. blood flow) and by diffusion, either directly from arterioles to aligning 

cells [19] or at the capillary interface, thus creating homogeneous oxygenation [20]. There is 
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evidence however, that during hypoxia the oxygenation might become more heterogeneous 

[21]; well-oxygenated microcirculatory units exist next to hypoxic units. In vitro NADH 

fluorescence imaging of the heart revealed persistence of dysoxic areas after a period of 

ischemia. These were called microcirculatory weak units, because they were also the first to 

become dysoxic during episodes of ischemia and were identified as composed of capillary 

vessels [21]. In a subsequent study [22], these vulnerable units were found to become as first 

dysoxic during nitric oxide (NO) inhibition or vasopressin administration in endotoxemic rat 

hearts, an effect not found in control hearts. The mucosal vascular architecture, with close 

proximity of the feeding arteriole to effluent venule at the base of the villi, might also be 

considered microcirculatory weak units, since they are prone to diffusional shunting from 

arteriole to venule, thereby bypassing villi microcirculation [3], although in other studies 

the serosal muscularis has been identified as being the compartment to remain shunted 

in resuscitated sepsis. In muscle tissue, however, no microcirculatory subunits could be 

identified [23], explaining the relative resistance of muscle to dysoxia [13].

Microcirculatory shunting 

If shunting mechanisms within the microcirculation exist during sepsis, one would expect 

to find higher venous pO
2
 values than pO

2
 values in the microcirculation itself, since venous 

blood is mixed with oxygen-rich arteriolar blood, leaving the microcirculation dysoxic 

behind. This pO
2 

gap could indeed be demonstrated in the intestine during hemorrhagic 

shock in a pig model [24]. During shock, venous pO
2
 decreased to a plateau level, whereas 

microcirculatory pO
2
 continued to decrease, causing a pO

2
 disparity. Resuscitation with 

crystalloid solutions or autologous blood was able to restore this gap. Interestingly, in the 

ileum a large difference in tissue pO
2 

of the serosa compared with the mucosa has been 

observed; mucosal pO
2 

levels were much lower than serosal pO
2 

[13,24,25]. Bohlen [25] also 

demonstrated that tissue pO
2
 at the tip of the villi was about half the value compared to pO

2
 

levels at the base of the villi. Furthermore, pO
2
 levels as established by oxygen electrodes 

were significantly higher than those obtained by Pd-porphyrin phosphorescence, suggesting 

measurement of different microcirculatory compartments as a result of difference in 

penetration depth [26,27]

During sepsis the same widening of the pO
2 

gap was demonstrated in a porcine endotoxin 

infusion model [3,28]. The pO
2 

gap was more pronounced during endotoxemia as compared 

to haemorrhage with an equal depression of microcirculatory pO
2
, suggesting a larger shunt 

fraction during endotoxemia than during haemorrhage. 

There are four principal mechanisms that could cause shunting of the microcirculation. 

The first is convective arteriovenous shunting, by which blood flows directly from arterioles 

to venules through anatomical anastomosis. The existence of such shunts has been 
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demonstrated in previous studies [29,30]. The second mechanism is by direct diffusion of 

oxygen from arterioles to venules lying in close proximity to each other, as described in the 

heart at low coronary flows [31]. The third mechanism has been referred to as ‘vascular steal’, 

whereby certain microcirculatory units steal flow from disadvantaged microcirculatory units 

by selective vasodilatation [32]. During sepsis this heterogeneity of the microcirculation 

could be aggravated by a blockade of disadvantageous microcirculatory units through micro 

emboli, an increase in red blood cell rigidity, oedema formation and adherence of activated 

leukocytes to the vascular wall. A fourth theoretical mechanism of shunting involves the 

inability of haemoglobin to off-load oxygen fast enough to tissues as it passes through the 

microcirculation. Kinetics of oxygen release from erythrocytes to the serum are described 

by Gutierrez [33]. Especially at low saturation levels the oxygen off-load time can exceed 

the microcirculation transit time for the erythrocyte. When the off-load subsequently takes 

place in the venous pool, venous pO
2 

would increase above microcirculatory tissue levels. 

Under these circumstances haemoglobin saturation would be expected to be lower in the 

venous blood than haemoglobin saturation in the microcirculatory blood. Indeed, Lash and 

Bohlen [34] found a contradictory increase in microcirculatory haemoglobin saturation 

during muscle stimulation, whereas a previous study [35] had shown a depression of tissue 

pO
2
 under the same circumstances, suggesting oxygen off-load restriction as possible 

explanation.

Orthogonal polarisation spectroscopy

Recent clinical publications [36,37], in which the microcirculation was studied in vivo by 

means of orthogonal polarisation spectral (OPS) imaging, have opened challenging new 

perspectives. OPS imaging, introduced by Slaaf and co-workers [38], uses green polarised light 

to observe the microcirculation in vivo. The technique, as described in detail elsewhere [39], 

consists of a hand-held microscope that illuminates an area of interest with polarised light, 

while imaging the remitted light through a second polarizer (analyser) oriented in a plane 

precisely orthogonal to that of the illumination. If a wavelength within the haemoglobin 

absorption spectrum (e.g., 548 nm) is chosen, red blood cells will appear dark and white 

blood cell may be visible as refringent bodies. The vessel walls are not visible directly and its 

imaging therefore depends on the presence of red blood cells. We validated OPS imaging by 

comparison with intravital microscopy in human volunteers, and introduced this technique 

clinically for the first time observations of the microcirculation of internal human organs 

[40-43]. 

De Backer and co-workers [37] used sublingual OPS imaging to ‘peep’ at the microcirculation 

in patients with sepsis in comparison to non-septic intensive care patients. In a semi-

quantitative analyses of the video-stored images, flow was defined as continuous, 
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intermittent or absent; vessels were divided into small and large, using a diameter cut-

off value of 20 μm. Density of all blood vessels and perfusion of small blood vessels was 

almost reduced by half during sepsis compared to healthy volunteers and other ICU control 

subjects. Reduction of vessel diameter and flow were correlated with an increase in blood 

lactate levels, severity of illness and non-survivors, despite overall correction of systemic 

hemodynamic and oxygen delivery parameters. Topical application of acetylcholine totally 

reversed the observed alterations. Spronk et al. [36] resuscitated 8 sepsis patients with 

fluids, dopamine and ketanserin until pre-set systemic hemodynamic goals were achieved. 

After resuscitation, all patients had severely impaired sublingual microcirculatory flow, 

especially in the small micro vessels. Observation of no flow in the small vessels next to 

flow in the larger vessels confirm the shunting theory of sepsis [3,47] Within two minutes 

after a loading dose of 0.5 mg nitroglycerin and subsequent continuous infusion a marked 

increase in microvascular flow in all generation micro vessels was observed, confirming the 

hypothesis obtained from animal data [44, 45], that vasodilator therapy is able to recruit 

shunted micro vessels in sepsis. 

Future perspectives

Although the introduction of OPS opens promising new ways to study the microcirculation 

in vivo during sepsis in a minimal invasive way, many questions remain to be answered. Is 

the sublingual microcirculation a mirror of equally vulnerable microcirculatory units in the 

gut and other organs? The introduction of sublingual tonometry [46] and the demonstration 

that sublingual capnography [47] is correlated with gastric tonometry in septic patients 

suggest possibilities for the future, but further research is needed to clear this picture. 

De Backer and co-workers demonstrated a relation between a shutdown of micro vessels 

and severity of illness [37] and both topical and systemic vasodilators were able to open 

up previously shutdown small microcirculatory vessels [36,37]. But will pharmacological 

interference with this complex microvascular heterogeneity ultimately lead to better 

outcome? The same question from a different perspective also needs to be answered; could 

the use of vasopressors be detrimental in sepsis and septic shock? To solve this dilemma 

the meticulous search for understanding the pathogenesis of dysoxia must be continued. If 

hibernation of the cell during sepsis exists [5], due to a biochemical shut down of the energy 

supply by the respiratory chain, opening up the microcirculation alone will not be enough to 

restore cellular function. On the other hand, starting up cellular energy production without 

proper oxygen delivery seems illogical and has a potency to aggravate dysoxia.
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Therapeutic options 

If reopening of the microcirculation in sepsis proves to be important, what pharmacological 

tools do we have to achieve this? Many vasodilators have been used in sepsis [48], but its 

application in sepsis treatment is controversial. Sodium nitroprusside and nitroglycerin 

are potent nitric oxide (NO) donors. Under physiologic circumstances, release of NO is 

tightly controlled by shear stress of flowing blood acting on arterial endothelial cells 

[49]. Unresponsive hypotension in sepsis is believed to occur from NO overproduction by 

inducible NO synthase (iNOS) [50], but experimental blocking of NO production has been 

associated with many deleterious effects on regional perfusion [51-54]. A clinical sepsis 

trial with the NO synthase inhibitor L-NMA was halt due to increase in mortality [55], 

despite earlier reports of improvement of global hemodynamic parameters [56]. Recently, 

selective iNOS inhibition was reported to blunt detrimental microcirculatory effects in 

porcine endotoxemia [51,57]. From a shunting point of view, providing additional NO may 

have beneficial effects; apart from its vasodilatory effect [36], it also diminishes leukocyte 

adhesion [58], improves erythrocyte deformity [59] and reduces oedema formation [60,61]

Prostacyclin (PGI
2
) also plays a physiological role in the regulation of local blood flow. 

Following vascular endothelial insults such as haemorrhage, reperfusion, hypoxia and 

sepsis the endogenous PGI
2 

production is enhanced [62]. In addition to vasodilatation PGI
2
 

also inhibits leukocyte adhesion [63] and platelet aggregation. Amelioration of the decrease 

in arteriolar blood flow and an increment of arteriolar and venular diameters as well as 

perfused capillary density have been reported [64,65].

Other possible interventions include N-Acetyl-L-cysteine [66], pentoxifylline [67], 

dexamethason [68], selective gut microcirculatory control by topical vasodilators [69], 

phosphodiesterase inhibitors [70,71] and the use of blood substitutes [72,73]. Discussion of 

these possible therapeutic strategies is beyond the scope of this manuscript.
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