
Introduction

Multiple organ failure, or multiple organ dysfunction 

syndrome (MODS), was defi ned by the 1991 Consensus 

Conference of the American College of Chest Physicians 

and the Society of Critical Care Medicine as ‘the presence 

of altered organ functions in an acutely ill patient such 

that homeostasis cannot be maintained without inter-

vention’ [1]. Septic shock is the main cause of MODS in 

intensive care units, and the intensity of MODS is 

correlated directly to mortality [2]. Furthermore, MODS 

is the main cause of death in patients with severe sepsis, 

representing 43.1% of patients in a recent retrospective 

study [3]. Our aim was to review the relevant fi ndings of 

research articles that were published in 2010 in Critical 

Care and that focused on advances in the understanding 

of MODS physiopathology, diagnostic and prognostic 

marker evaluation, and novel therapy strategies.

Infl ammation, septic microvascular dysfunction, 

and multiple organ dysfunction syndrome

It is now well established that the correction of macro-

vascular hemodynamic parameters is not suffi  cient to 

prevent MODS in sepsis and that persistent micro-

vascular alteration is associated with the development of 

organ dysfunction and death [4]. Th e endothelium plays a 

central role in microvascular dysfunction and sepsis 

physiopathology, regulating vasomotor tone, cellular 

traffi  cking, coagulation, and local balance between pro- 

and anti-infl ammatory mediators [5].

In a prospective single-center study of 221 patients 

admitted with a clinical suspicion of infection to an 

emer gency department, Shapiro and colleagues [6] 

investi gated the association between endothelial cell 

signaling activation during sepsis at the time of 

emergency department consultation and the subsequent 

severity of organ dysfunction. Th ey demonstrated that 

circulating levels of biomarkers of endothelial activation 

such as soluble fms-like tyrosine kinase-1 (sFlt-1), 

plasminogen activator inhibitor-1 (PAI-1), soluble E-

selectin, soluble intercellular adhesion molecule-1 

(sICAM-1), and soluble vascular cell adhesion molecule-1 

(sVCAM-1) were strongly correlated with sepsis severity. 

Among those biomarkers, sFlt-1, which is the soluble 

form of the vascular endothelial growth factor-1 

(VEGF-1) receptor, had the strongest association with 

Sequential Organ Failure Assessment (SOFA) score. 

sFlt-1 contributes to endothelial cell activation and 

correlates with infl amma tory cascade activation [7], 

making the VEGF signaling axis a potential target for 

endothelial activation modulation.

Activation of the renin-angiotensin system (RAS) 

aff ects microvascular function through promotion of 

leukostasis and induction of capillary permeability. Th e 

RAS also promotes oxidative stress and endothelial 

dysfunction after lipopolysaccharide injection in mice, a 

phenomenon corrected by an angiotensin-converting 

enzyme inhibitor or an angiotensin receptor blocker [8]. 

Doerschug and colleagues [9] demonstrated that RAS 

activation also correlates with microvascular dysfunction 

and organ failure in humans. In a prospective single-

center study of 30 patients with severe sepsis, the authors 
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showed that RAS mediators (plasma renin activity and 

angiotensin II) were increased in clinical sepsis and 

persisted despite a corrected mean arterial pressure. 

Furthermore, early angiotensin II levels correlated with 

the SOFA score at day 1, and RAS mediators correlated 

negatively with the microvascular hyperemic response to 

ischemia.

Angiopoietin-2 (Ang-2) is an angiogenic peptide stored 

predominantly in the Weibel-Palade bodies of endothelial 

cells, and serum levels are correlated with sepsis 

mortality and the extent of organ dysfunction [10]. In an 

observational prospective study of 85 patients with 

sepsis, Davis and colleagues [11] confi rmed that Ang-2 

levels were increased in sepsis and correlated with SOFA 

score. Th e authors also demonstrated that Ang-2 levels 

were inversely correlated to endothelial nitric oxide (NO) 

bioavailability, as measured by reactive hyperemia-

peripheral artery tonometry. As NO is an inhibitor of 

exocytosis of Weibel-Palade bodies, the authors 

suggested that low endothelial NO bioavailability is at 

least partly responsible for the increased levels of Ang-2 

in sepsis, which induce endothelial activation and 

microvascular dysfunction.

Endothelial cell activation in sepsis is a key factor of 

microvascular dysfunction leading to MODS. Lectin-like 

oxidized low-density lipoprotein receptor-1 (LOX-1) is 

an endothelial cell membrane protein that recognizes 

oxidized low-density lipoproteins, damaged or apoptotic 

cells, endotoxins, and pathogenic microorganisms [12]. 

LOX-1 is a potent mediator of endothelial dysfunction, 

induces superoxide generation, and enhances endothelial 

adhesiveness to leukocytes and chemokine production.  

In an experimental study of endotoxemic rats, Lands-

berger and colleagues [13] evaluated the eff ects of the 

adminis tration of anti-LOX-1 by antibodies on intestinal 

capillary perfusion and leukocyte adhesion by using 

intravital microscopy. Th e authors showed that LOX-1 

neutraliza tion reduced endotoxin-induced leukocyte ad-

her ence and reduced plasma levels of monocyte chemo-

attractant protein-1 (MCP-1), a major chemokine. Hence, 

LOX-1 represents a novel target for the modulation of 

infl am mation within the microcirculation in sepsis.

Septic shock is characterized by a relative defi ciency in 

vasopressin, and exogenous administration of arginine 

vasopressin (AVP) restores vasomotor tone and blood 

pressure. Th us, AVP is recommended by the Surviving 

Sepsis Campaign (SSC) as an adjunctive therapy in 

refractory septic shock. However, the Vasopressin in 

Septic Shock Trial (VASST), a large randomized con-

trolled trial (RCT) that compared AVP with norepineph-

rine for the treatment of septic shock, did not fi nd any 

benefi t on mortality [14]. AVP is a mixed agonist of V1a 

receptor and V2 receptor (V2R), and there is increasing 

evidence that endothelial V2Rs may aggravate 

sepsis-induced vasodilatation, fl uid accumulation, 

leukocyte rolling, and microvascular thrombosis. Hence, 

Rehberg and colleagues [15] evaluated the eff ects of a 

selective V2R antagonist in an experimental septic model 

of ovine fecal peritonitis. Infusion of a V2R antagonist, 

com pared with placebo and AVP, improved survival, 

mean arterial pressure, and cardiac index as well as 

metabolic, liver, and renal dysfunction. Along with AVP, 

selective V2R antagonists and V1a receptor agonists 

represent promis ing new therapies.

Since the publication of the fi rst SSC international 

guidelines in 2004 [16], the main objective of the inten-

sive care community has been the implementation of 

such guidelines through intervention bundles. Cardoso 

and colleagues [17] evaluated the implementation of a 

core 6-hour bundle in a network of Portuguese ICUs. 

Between December 2004 and November 2005, the 

authors prospectively evaluated the level of compliance 

with SSC guideline recommendations and its incidence 

on mortality in all patients admitted with community-

acquired sepsis to 17 ICUs that represented 41% of all 

Portuguese ICU beds. Th e core 6-hour bundle consisted 

of serum lactate measurement, crystalloid or colloid infu-

sion, blood cultures and other specimens for micro-

biology before antibiotherapy, antibiotherapy adminis-

tered within the fi rst hour of diagnosis, and vasopressor 

administration if the mean arterial pressure was less than 

65 mm Hg. Th e authors showed that – after adjustment 

for sepsis severity, Simplifi ed Acute Physiology Score II 

(SAPS II), and number of comorbidities – the two actions 

signifi cantly associated with an improvement in 28-day 

mortality were sampling for blood cultures (odds ratio 

(OR) 0.53) and vasopressor administration (OR 0.51). 

Further more, the full completion of the six actions of the 

bundle signifi cantly decreased 28-day mortality (OR 

0.44), and the number of patients to treat to save one life 

was 6. However, compliance was poor; only 12% of 

patients with severe sepsis completed all six actions of 

the bundle. Th ese results confi rmed the clinical relevance 

of care bundle implementation and should prompt 

actions to improve compliance with such bundles.

Septic myocardial dysfunction

Cardiac diastolic dysfunction is frequent in septic shock. 

Tissue Doppler imaging (TDI) is a recent echocardio-

graphic technique that measures myocardial velocities of 

the mitral annulus. Peak early diastolic transmitral/peak 

early diastolic annular velocity (E/e’), in particular, has 

been validated for evaluation of diastolic dysfunction, 

and a study by Mousavi and colleagues [18] in 2010 

confi rmed its feasibility in the intensive care setting. In a 

study of 21 patients with septic shock, Sturgess and 

colleagues [19] sought to prospectively evaluate the 

prognostic signifi cance of TDI variables in comparison 
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with cardiac biomarkers troponin T, B-type natriuretic 

peptide (BNP), and N-terminal pro-B-type natriuretic 

peptide (NT-proBNP). Systolic dysfunction was present 

in 67% of patients, and diastolic dysfunction was present 

in 57% of patients. Th e authors showed that, for hospital 

mortality, E/e’ at a threshold value of 14.5 off ered 100% 

sensitivity and 83% specifi city and was an independent 

predictor of hospital mortality. When area under the 

receiver operating characteristic curves were compared, 

E/e’ off ered better prognostic prediction of hospital 

mortality in septic shock than cardiac bio markers 

troponin T, BNP, and NT-proBNP. Th us, echographic 

techniques evaluating diastolic dysfunction in sepsis may 

replace biomarkers for mortality prediction.

Sepsis and acute kidney injury

Acute kidney injury (AKI) is a frequent complication in 

sepsis; an incidence of 20% and an associated mortality of 

up to 35% have been reported [20]. In this context, diag-

nostic and prognostic markers of AKI, such as cystatin C 

and serum neutrophil gelatinase-associated lipocalin 

(NGAL), could improve management of such patients.

In a study of 444 ICU patients, Nejat and colleagues 

[21] prospectively studied the diagnostic and predictive 

performance of urinary cystatin C (uCysC) for AKI and 

30-day ICU mortality. AKI was defi ned as a 50% or 

0.3  mg/dL increase in plasma creatinine above baseline 

level. Eighteen percent of the patients had sepsis, 45% 

had AKI, and ICU mortality was 14%. Th e authors found 

that uCysC measured at ICU admission was indepen-

dently associated with sepsis (OR 3.43), AKI (OR 1.49), 

and mortality (OR 1.6) and that uCysC concen tra tions 

were signifi cantly higher in the presence of sepsis or AKI. 

uCysC was predictive of sepsis with an optimal cut-point 

of 0.24 mg/L. In the sepsis group, however, diagnostic 

performance of uCysC for AKI was not signifi  cant but 

was predictive of AKI within 48  hours. On the other 

hand, plasmatic cystatin C was not independently 

associated with sepsis or mortality but was predictive of 

AKI. Th us, uCysC seems to be a more promising 

biomarker than plasmatic cystatin C, and prediction of 

AKI and mortality is of important clinical relevance.

Serum or urinary NGAL is another extensively studied 

biomarker of AKI and has shown predictive value for 

AKI, AKI severity, and AKI-related outcomes such as 

need for renal replacement therapy (RRT) and mortality 

[22]. Kümpers and colleagues [23] prospectively evalu-

ated the prognostic utility of serum NGAL at inception of 

RRT in 109 critically ill patients with established AKI, of 

whom 51.4% had sepsis. Th e authors showed that serum 

NGAL concentrations were signifi cantly higher in 

patients with sepsis and increased across patient groups 

when stratifi ed by the renal variable of the SOFA score. 

NGAL level was higher in non-survivors compared with 

survivors and was identifi ed as an independent predictor 

of 28-day mortality. At RRT initiation, an optimal cutoff  

value of greater than 360 ng/mL had a sensitivity of 82.1% 

and a specifi city of 59.2% for 28-day mortality. However, 

serum NGAL levels were not associated with renal 

recovery, ventilation-free days, or ICU-free days at 28 

days.

Fluid resuscitation is a major therapeutic goal in 

critically ill patients with sepsis. However, there is much 

controversy about the optimal fl uid solution to use. 

Colloids – hydroxyethly starch (HES), in particular – are 

suspected to induce or aggravate AKI. An international 

prospective cohort study that was published in 2008 and 

that included 1,013 patients in shock found that the use 

of artifi cial hyperoncotic colloids or hyperoncotic albu-

min was associated with an increased risk of renal 

function deterioration or need for dialysis [24]. Further-

more, the use of hyperoncotic albumin was associated 

with an increased risk of ICU death. In this setting, 

Wiedermann and colleagues [25] conducted a meta-

analysis of RCTs that evaluated AKI after infusion of 

hyperoncotic albumin and hyperoncotic HES solutions. 

Eleven RCTs, representing a total of 1,220 patients, were 

included in the analysis. Hyperoncotic albumin decreased 

the odds of AKI by 76%, whereas hyperoncotic HES 

showed the opposite eff ect, increasing the odds of AKI by 

92%. Furthermore, hyperoncotic albumin decreased the 

odds of mortality by 48%, whereas hyperoncotic HES 

raised the odds of mortality by 92%. Th e authors 

concluded that hyperoncotic fl uids per se do not appear 

to induce AKI, given that the renal risk is linked to the 

type of colloid used. To clarify this controversy, the 

CRISTAL trial (Colloids Compared to Crystalloids in 

Fluid Resuscitation of Critically Ill Patients: A Multi-

national Randomised Controlled Trial), a large ongoing 

RCT, is evaluating the effi  cacy and safety of any type of 

colloids versus crystalloids for fl uid resuscitation in 

critically ill patients (clinical trials number NCT00318942).

Acute lung injury and acute respiratory distress 

syndrome

Ventilator-induced lung injury (VILI) induces oxidative 

stress and reactive oxygen species (ROS) such as per oxy-

nitrites [26]. Oxidative DNA damage induces activation 

of the repair nuclear enzyme poly(ADP-ribose) poly-

merase (PARP), whose overactivation is detrimental to 

the cell by depleting ATP stores. Th e peroxynitrite-PARP 

pathway is thought to play a role in septic endothelial 

dysfunction and multiple organ failure and particularly in 

acute renal failure caused by mechanical ventilation in 

the course of sepsis. In a mouse model of sepsis, 

Vaschetto and colleagues [27] demonstrated that high 

tidal ventilation activated the peroxynitrite-PARP path-

way and that a peroxynitrite decomposition cata lyst or a 
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PARP inhibitor attenuated renal endothelial dysfunction 

and improved renal perfusion and renal function. Th is 

work confi rmed that the peroxynitrite-PARP pathway is 

an interesting therapeutic target for the management of 

VILI and VILI-induced organ failure.

Coagulation and multiple organ dysfunction 

syndrome

Outcome in severe sepsis and septic shock is at least 

partly conditioned by predisposing factors such as 

genetic susceptibility and response to infection. Activa-

tion of infl ammation and coagulation in sepsis leads to an 

imbalance between fi brin formation and fi brinolysis. 

PAI-1 is a key protein for fi brinolysis inhibition and its 

overexpression contributes to multiple organ failure [28]. 

In this context, Madách and colleagues [29] aimed to 

prospectively evaluate 207 Caucasian patients with 

pneumonia-induced severe sepsis for the eff ects of the 

4G/5G and 4G/4G polymorphisms of the PAI-1 gene, in 

which the 4G allele results in greater transcription of the 

gene. Th e authors showed that carriers of the two poly-

morphisms, compared with those of the 5G/5G poly-

morphism, had higher disseminated intravascular coagu-

lation scores and had a 2.74-fold higher risk of MODS 

and a 2.57-fold higher risk of septic shock. However, 

4G/5G and 4G/4G polymorphisms were not associated 

with a diff erence in mortality in comparison with 5G/5G 

patients, suggesting that a single polymorphism cannot 

account for the overall septic shock morbimortality. 

Furthermore, those results require validation in an 

independent cohort.

Recombinant human activated protein C (rhAPC) is an 

anticoagulant protein that downregulates infl ammation 

and apoptosis. It has shown signifi cant survival benefi t in 

patients with severe sepsis [30]. However, doubts about 

the protective eff ects of rhAPC in sepsis persist. Th us, 

Maybauer and colleagues [31] undertook an experimental 

study evaluating cardiovascular and microcirculatory 

eff ects of rhAPC in a sheep model of acute lung injury 

and septic shock. Th e two-hit septic animal model con-

sisted of sheep subjected to smoke inhalation followed by 

lung instillation of live Pseudomonas aeruginosa. In these 

sheep, in comparison with controls, infusion of rhAPC 

signifi cantly improved cardiovascular function with 

maintained mean arterial pressure and cardiac index. 

Furthermore, rhAPC attenuated changes in visceral and 

cerebral microcirculation. Heart tissue analysis revealed 

reductions of 3-nitrotyrosine and malon dialdehyde, 

which are, respectively, markers of tissue injury caused by 

ROS and an indicator of lipid peroxydation and oxidative 

stress. Th ose experimental fi ndings provide evidence of a 

benefi cial eff ect of rhAPC in septic shock. However, a 

recent meta-analysis of RCTs that assessed the eff ects of 

rhAPC for severe sepsis in adults and children found no 

evidence of 28-day mortality improvement and a higher 

risk of bleed ing [32]. In this context of confl icting results, 

two large randomized trials are under way: the 

PROWESS-SHOCK (Protein C Worldwide Evaluation in 

Severe Sepsis-Shock ) trial is evaluating the effi  cacy and 

safety of drotrecogin alfa in adult patients with septic 

shock (clinical trials number NCT00604214), and the 

APROCCHS (Activated Protein C and Corticosteroids 

for Human Septic Shock) study is evaluating the effi  cacy 

and interactions of rhAPC and corticosteroids in septic 

shock (clinical trials number NCT00625209).

Metabolic dysfunction

Because it has shown improvement of mortality in 

critically ill patients, tight glycemic control is a supportive 

therapy validated in the SSC guidelines [33]. However, a 

more recent RCT evaluating intensive versus conven-

tional glucose control in critically ill patients showed 

confl icting results, and tight glycemic control resulted in 

increased mortality [34]. Chase and colleagues [35] 

prospectively evaluated (before-after study) a novel tight 

glycemic control protocol called SPRINT (Specialized 

Relative Insulin and Nutrition Titration), which is based 

on control of both insulin and nutrition inputs. SPRINT 

modulates nutritional intakes and insulin on the basis of 

response to the prior insulin and nutrition interventions 

and estimation of insulin sensitivity of the patient. Th e 

authors previously reported that the SPRINT protocol 

reduced hospital mortality by 25% to 40% for patients 

staying 3 to 5 days in the ICU [35]. In a study published 

in Critical Care in 2010, the same team evaluated the 

impact of the SPRINT protocol on organ failure [36]. In 

that retrospective cohort study, the team compared 

evolution of SOFA scores in 413 pre-SRINT critically ill 

patients versus 371 SPRINT patients. Th e authors 

showed that SPRINT tight glycemic control reduced total 

organ failures and increased organ failure-free days, 

which is the presumed causative factor for reduced 

mortality in SPRINT patients. Th e SPRINT protocol 

brings a new and interesting approach to tight glycemic 

control and warrants further evaluation in a randomized 

controlled study.

Septic cerebral dysfunction

Th e pathophysiology of brain dysfunction, among the 

various organ dysfunctions, remains poorly understood. 

Septic encephalopathy is a complex phenomenon involv-

ing alteration of the blood-brain barrier, local infl am-

mation, activation of the complement cascade, excessive 

leukocyte recruitment, local NO production, and altera-

tion of neurotransmitter systems [37]. Taccone and 

colleagues [38] demonstrated that, despite maintained 

mean arterial pressure, cerebral microvascular impair-

ment occurred in sepsis. In an animal model of sheep 
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peritonitis, the authors used the sidestream dark fi eld 

videomicroscopy technique to show that sepsis induced 

decreases in cerebral total perfused vessel density, 

functional capillary density, the proportion of small per-

fused vessels, and the number of perfused capillaries [38].
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