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ABSTRACT 

Sepsis is a common condition encountered in the emergency department 

(ED). This thesis reports a series of research papers with the common theme 

of better diagnosing and managing sepsis during its earliest phase of 

treatment. Outcome in sepsis relates to both the infecting insult and the host 

response. Firstly, several clinical risk-scoring systems for sepsis are 

compared. While all have some limitations, those incorporating patient 

factors such as age and comorbidity are found to perform better in the ED.  

Secondly, changes in the microcirculation are associated with organ 

dysfunction in sepsis. Non-invasive estimation of tissue oxygen saturation 

(StO2) by near-infrared spectroscopy may provide an indirect measure of 

this. While being associated with organ failure and mortality, StO2 proved 

unable to distinguish sepsis from uncomplicated infection. Activation of 

endothelial cells (EC) plays an important role in the microcirculatory changes 

of sepsis. Laboratory studies identified novel associations between the 

adipokine molecule resistin and systemic markers of EC activation. This has 

led to work to identify associated cell-signalling pathways, and investigate 

resistin as a possible clinical biomarker for sepsis.  

Emerging data suggesting harm with excessive fluid administration is 

challenging the current recommended approach to sepsis resuscitation. The 

key may lie in the effects of fluids upon ECs and the endothelial glycocalyx. 

The thesis concludes with the published protocol for a clinical trial of a 

volume sparing approach to initial fluid resuscitation in adults with sepsis 

that will specifically address this question. This trial has commenced 

recruitment. 

This research ranges from bedside to laboratory, and from diagnostic studies 

to a clinical trial. I have developed expertise in the complexities of sepsis. 

This will be used to pursue ongoing research, which will aim to benefit both 

patients presenting to the ED with sepsis and those who treat them. 
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NOTE ON DEFINITIONS 

The work reported in this thesis took place between 2012 and 2017. In 2016 

there was a substantial change to sepsis definitions. This third iteration of the 

international consensus definitions is commonly known as Sepsis-3. This 

change needs to be considered when reading the published reports in the 

subsequent chapters. Those published pre-2016 use the older Sepsis-2 

terminology. A detailed summary of the Sepsis-2 and Sepsis-3 definitions is 

provided in Appendix 1. 
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CHAPTER 1 

INTRODUCTION 
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INTRODUCTION 

Sepsis is defined as a dysregulated host response to infection resulting in 

organ failure1. Septic shock is a subset of sepsis with associated circulatory 

and cellular metabolic abnormalities resulting in substantially higher 

mortality. Sepsis has recently been identified by the World Health 

Organisation as a Global Health Priority2. In Australia sepsis accounts for more 

deaths per year than prostate and breast cancer combined3. Sepsis is a 

frequent reason for admission to an Intensive Care Unit (ICU)4. The 

mortality rate is high, and survivors have substantial long-term morbidity5. 

The social and economic costs of sepsis are significant. 

Sepsis is characterised by significant clinical heterogeneity, and early 

recognition is important to ensure timely treatment in the critically unwell 

patient6. Differentiating early sepsis from less severe infections is important to 

avoid the costs and harms of over-treatment, including injudicious use of 

broad-spectrum antibiotics7. Patients with community-acquired infections are 

commonly assessed in the Emergency Department (ED), and this is the largest 

source of admissions to ICU with sepsis8. It follows that the ED plays an 

essential role in diagnosis and risk stratification to achieve optimal outcomes 

in a resource efficient manner. 

International guidelines based upon expert consensus recommend a 

structured approach to early treatment, with prompt access to diagnostics, 

antibiotics, source control, and admission for ongoing monitoring and organ 

support9. The manifestations of sepsis are broad and highly variable, and onset 

may be subtle and insidious6. There is no gold standard diagnostic test and 

results of microbial culture or serology are rarely available in a useful 

timeframe for decision-making in the ED. Sepsis remains a clinical diagnosis, 

supported by the results of investigations10.  

Significant emphasis is placed upon the use of clinical algorithms to identify 

the patient with sepsis11. Multiple assessment tools are available, and there is 

substantial interest in the use of biomarkers to aid clinical decision-making12. 
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The range of available decision-support tools attests to the fact that none are 

perfect. Sepsis is dynamic, and can be rapidly progressive. Delayed and missed 

diagnosis remains a challenge encountered across the spectrum of care from 

the community to hospital wards13. The ED presents specific challenges given 

high patient turnover, and demand that often exceeds available resources. 

The pathogenesis of organ dysfunction in sepsis is complex, and remains 

incompletely understood. Activation of the innate immune system by so called 

‘pathogen-associated molecular patterns’ of invading microorganisms results 

in both pro- and anti-inflammatory responses. These involve activation of 

leucocytes, the complement pathway, coagulation cascade and neuroendocrine 

system6. The ‘dysregulated’ nature of this response results in the injury to host 

tissues characteristic of sepsis. Multiple mechanisms are responsible including 

tissue hypoperfusion and alterations in cellular oxygen utilisation. A 

feature is alterations to the regional microcirculation within tissues, which 

becomes ‘decoupled’ from systemic haemodynamics early in sepsis14. 

Challenges for research include a lack of settled diagnostic criteria, and the 

heterogeneity of the syndrome. Sometimes the diagnosis becomes clear only 

after a period of time has elapsed. In addition, there are multiple diagnostic 

codes for infection, and sepsis may not be specifically identified in a hospital 

discharge summary15. Much sepsis research occurs in the ICU. These patients 

are well characterised, but frequently have established organ failure 

on admission and significant interventions have occurred prior to 

recruitment. This confounds interpretation of variables such as biomarker 

measurements. In addition, the majority of patients with sepsis are not 

admitted to ICU but are managed on general wards16,17. 

One solution is to recruit participants into research at the earliest stage 

of their hospital journey, in the ED. This provides insights into the mechanisms 

of pathogenesis while minimising the confounding associated with 

early treatment, and allowing study of the effects of these 

interventions on mechanistic pathways. This also provides a basis for 

undertaking cohort studies to develop clinically useful risk stratification tools,
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and to undertake clinical trials. For example, a trial examining the effect of 

intravenous fluids is more likely to yield a meaningful result when the 

intervention is delivered as early as possible in the treatment course, 

rather than after the patient has already received a large volume of fluid 

prior to enrolment. 

This thesis reports the findings of a series of enquiries into both clinical 

diagnosis and pathogenesis, linked by the common theme of the alterations in 

the microcirculation that occur in sepsis. These questions have resulted from 

my experience as an emergency physician, which has impressed upon me the 

enormous heterogeneity of sepsis, and the substantial challenges it presents 

for both diagnosis and early treatment. The work includes evaluating a novel 

tool for risk stratification of sepsis at the bedside, laboratory studies on blood 

samples collected from patients with sepsis in the ED, and a clinical trial to 

evaluate the effect of fluid resuscitation on pathogenic pathways.  

Aims of this research 

• To describe the current approach to screening, assessment and early

management of suspected sepsis

• To review the literature relating to clinical evaluation of the

microcirculation in sepsis, in particular near-infrared spectroscopy, and

biomarkers of endothelial cell activation

• To compare the performance of three sepsis risk stratification scores,

the SOFA, MEDS and PIRO scores, in the ED

• To evaluate near-infrared spectroscopy derived tissue oxygen

saturations (StO2) for identification of sepsis in the ED, and to predict

adverse outcome

• To identify molecules expressed by leucocytes during the early phase of

sepsis treatment in the ED as potential biomarkers of organ failure and

shock

• To investigate the relationships between the molecules Resistin and

Neutrophil Gelatinase Associated Lipocalin (NGAL) and markers of

endothelial cell activation
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• Design and implement a clinical trial to evaluate the effect of

resuscitation fluid volume inflammatory responses, including markers

endothelial cell activation and degradation of the endothelial glycocalyx

This submission is consistent with the University of Western Australia Doctor 

of Philosophy Rules for the content and format of a thesis and is presented as a 

series of published papers. 
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CHAPTER 2 

LITERATURE REVIEW 
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BACKGROUND & CONTEXT 

Worldwide, sepsis is a major cause of morbidity and mortality. Despite 

enormous improvements in the control of infectious diseases in industrialised 

countries, sepsis remains a significant public health problem. Contributing 

factors are an ageing population, increasing prevalence of chronic diseases, 

immune-suppression, invasive medical procedures and antimicrobial 

resistance18. In Australia, the incidence of sepsis appears to be increasing19. 

The annual population incidence of sepsis requiring admission to an ICU is 

0.77/1000, approximately 18,000 cases per year4. Sepsis accounts for 11% of 

all ICU admissions, with a mortality rate of 18% within 28 days20. However 

estimates based upon ICU datasets do not account for sepsis cases that are 

admitted to general wards, including those with limitations of care precluding 

invasive organ support on the basis of age, comorbidity or frailty17.  

Estimates of sepsis incidence and outcome based upon hospital administrative 

discharge coding is problematic since specific sepsis codes may be absent from 

summaries, which list only the underlying infection (e.g. pneumonia). Accurate 

measurement of sepsis rates in the ED is labour-intensive, and complicated by 

the fact that the diagnosis of sepsis in ED is often necessarily a presumptive 

one, and may not correlate with final diagnosis21. Lack of gold standard 

criteria, and multiple diagnostic codes for infection can lead to significant 

variation in sepsis rates depending upon the method used22. This has 

significant implications for resource allocation, policymaking and research. 

The ED is the key entry point into the healthcare system for patients with 

community-acquired sepsis23. Early recognition and timely treatment is an 

important factor in optimising outcomes24-26. International consensus 

guidelines from the Surviving Sepsis Campaign (SSC) make recommendations 

for interventions within specific timeframes in patients with sepsis9. This 

presents a number of challenges given the clinical heterogeneity and lack of 

objective diagnostic criteria for sepsis. Previous studies have found substantial 

delays can occur in the timely treatment of patients admitted from the ED with 
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sepsis27. A key challenge is to recognize the patient with sepsis among the 

large number presenting to the ED with suspected infection. For example, 

features of a systemic inflammatory response (hyper/hypothermia, 

tachycardia, tachypnoea and abnormal leucocyte count) are unreliable for 

detecting sepsis28. 

The pathophysiology of sepsis is complex, involving both pro- and anti-

inflammatory components of the host innate immune response29. 

Microcirculatory alterations may play a role in the development of organ 

dysfunction, with endothelial cells being a key interface between the 

circulation and tissues30. The endothelial glycocalyx, a thin layer of 

glycosaminoglycans and proteoglycans on the luminal surface of the 

endothelium, is degraded as part of the inflammatory response to infection. 

This exposes the underlying endothelial cells to circulating pathogen 

associated molecular patterns (PAMPs) and cytokines resulting in widespread 

endothelial activation31. The resulting increased capillary permeability, 

vasomotor changes and activation of coagulation affect oxygen delivery to 

tissues, while metabolic alterations result in impaired tissue oxygen 

utilisation32. This common pathway may account for some of the clinical 

manifestations of sepsis. The term ‘septic shock’ defines a combination of 

hypotension/hypoperfusion and impaired tissue metabolism with 

substantially increased mortality1. 

Historical perspective and evolving definitions 

Although first described in antiquity (the term ‘sepsis’ derives from the Greek 

word for decomposition), it wasn’t until the 19th century that the 

contemporary understanding of transmissible infectious disease began to 

evolve33. In 1841, Semmelweiss dramatically reduced the high mortality rate 

from puerperal fever in his Vienna hospital by introducing a strict hand-

washing regimen34. In the 1860s, Lister linked the post-operative wound 

infections on his surgical ward in Glasgow with the ‘germ theory’ proposed by 

Pasteur, subsequently pioneering surgical asepsis35. During this period, Koch 

and Petri refined techniques for bacterial culture and classification, while the 
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antibiotic era commenced in the early decades of the 20th century36. Further 

developments were an understanding of the role bacterial toxins in disease 

pathogenesis, and, in the 1960s, the discovery of cytokines and the role of the 

coagulation cascade in inflammation33. This led to the appreciation of sepsis as 

a dysregulated acute inflammatory condition, resulting in the various clinical 

manifestations of organ failure and shock37.  

The first attempt to define the clinical entity of sepsis was by Bone and 

colleagues in 198938. This was further refined at a 1991 international 

consensus conference hosted by the Society of Critical Care Medicine, and the 

American College of Chest Physicians39. The resulting definition (“Sepsis-1”) 

was based upon the concept of a systemic inflammatory response syndrome 

(SIRS), where the host response to infection was characterised by 

derangements in body temperature, heart and respiratory rates, and white 

blood cell count. Sepsis was defined as SIRS due to suspected or proven 

infection, while ‘severe sepsis’ described patients with consequent acute organ 

dysfunction. The most severe manifestation, septic shock, was defined as acute 

circulatory failure, characterised by persistent arterial hypotension (systolic 

blood pressure <90mmHg or mean arterial pressure <65mmHg or a drop in 

systolic blood pressure >40mmHg from baseline) despite adequate fluid 

resuscitation, and unexplained by other causes. However the emphasis on 

blood pressure thresholds focused the attention of physicians away from more 

subtle features of hypoperfusion. 

SIRS is due to systemic activation of the innate immune response but is not 

specific to sepsis. A 2001 consensus statement on definitions (Sepsis-2) 

attempted to refocus on the clinical manifestations of sepsis, emphasizing the 

importance of acute organ dysfunction as the trigger for early intervention40. 

The preceding decade had seen the development of the Sequential Organ 

Failure Assessment (SOFA) score, providing quantification of organ 

dysfunction across six domains – respiratory, cardiovascular, gastrointestinal, 

haematological, renal and neurological41. While retaining the SIRS criteria, the 

2001 definition placed emphasis upon clinical judgment of an infectious 
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aetiology, along with a range of inflammatory and/or organ failure 

parameters. This prioritised practical clinical application, however a lack of 

standardization was problematic for defining enrollment criteria in research. 

The 2001 conference emphasised the host response rather than the virulence 

of the particular microbe. In addition, the definition did not address how 

sepsis-related SIRS differed from non-infectious SIRS such as is seen in acute 

pancreatitis or burn injury. In 2010, the Global Sepsis Alliance convened at the 

Merinoff Symposium and introduced dual clinical and molecular definitions, as 

follows42: 

• Clinical	 Definition	 of	 Sepsis: a life threatening condition where the

body’s immune response to infection injures its own tissue, resulting in

organ failure and shock

• Molecular	 definition	 of	 Sepsis: pathogen and host derived molecules

converge on molecular mechanisms that result in dysregulated

activation of innate immunity, releasing mediators which produce the

clinical features of sepsis.

Limitations of SIRS include the lack of specificity for sepsis. These features are 

common to the majority of patients admitted to an ICU43. Importantly it is also 

increasingly recognized that some patients with life threatening infection do 

not fulfil SIRS criteria28. Partly in response to these limitations, in 2016 an 

international collaboration of critical care physicians proposed an updated 

sepsis definition, known as Sepsis-31. As well as removing SIRS as a 

requirement for diagnosis, Sepsis-3 also explicitly excludes infection with 

features of an inflammatory response but without associated organ 

dysfunction. 

The Sepsis-3 criteria define sepsis as an infection-induced acute increase in 

SOFA score of 2 or more points. The updated definition of septic shock refers 

to a patient with infection associated with persistent	 hypotension	 requiring	

vasopressors	to	maintain	a	mean	arterial	pressure	(MAP)	≥65mmHg along with 



11 

a blood lactate >2mmol/L. A schematic representation of the main differences 

in classification between Sepsis-2 and Sepsis-3 is provided in Figure 1. Full 

details of these definitions are shown in Appendix 1. 

Figure 1. A	 schematic	 representation	 of	 Sepsis	 2	 and	 Sepsis	 3	 consensus	
definitions	within	 the	 context	 of	 infection	 presenting	 to	 the	 ED.	 SIRS:	 systemic	
inflammatory	response	syndrome. 

Sepsis recognition in the ED 

The recommended approach to identification of sepsis is based upon screening 

of patients with evidence of infection (including SIRS) for clinical and 

laboratory features of organ dysfunction and/or shock9. A number of 

guidelines have been developed with the aim of identifying patients with 

sepsis promptly. Typically these are embedded within a treatment pathway 

incorporating targets such as rapid administration of a fluid bolus and broad-

spectrum antibiotics, lactate measurement and appropriate monitoring and 
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referral. However performance to differentiate sepsis from uncomplicated 

infection is variable11. This is important, since an overly inclusive approach 

can lead to inappropriate use of broad-spectrum antibiotics, potentially 

contributing to the growing problem of antimicrobial resistance7.  

The concept of treatment delays leading to worse outcomes in sepsis became 

embedded following publication of a retrospective analysis of 2176 ICU 

patients with septic shock which reported that each hour of delay to antibiotic 

administration after onset of hypotension was associated with a 7.6% increase 

in mortality24. This appears to be supported by a recently published 

retrospective analysis of 49,331 sepsis cases which found higher risk-adjusted 

mortality for each hour of delay to antibiotics (odds ratio 1.04 per hour, 95% 

confidence interval 1.02-1.05, p<0.001)44. However, this equates to a number 

needed to treat (NNT) within the preceding hour to save one additional life of 

between 114 and 284. Across the spectrum of illness severity seen in ED (this 

study, which excluded low risk cases, had a mortality rate was 23%) this NNT 

is likely to be substantially higher, suggesting statistical rather than clinical 

significance. There is also the problem of bias and unmeasured residual 

confounding inherent in retrospective observational studies, and a causal 

relationship cannot be inferred.  

Other studies, including prospective ones, have found no relationship between 

timing of antibiotics and outcome in sepsis45,46. Studies in community-acquired 

pneumonia have found mortality to be related to illness severity and 

comorbidity, but not timing of antibiotic administration47,48. Onset of sepsis is 

insidious, and the lead-time to presentation to hospital is highly variable. It is 

counterintuitive that time from presentation to treatment initiation is a major 

factor in sepsis outcome, when compared to other time-critical illnesses with a 

well defined onset such as myocardial infarction or major trauma49. Prompt 

recognition and treatment is likely to benefit patients with a rapidly 

progressive illness (e.g. invasive meningococcal disease), but may be less 

critical for others (e.g. the elderly patient with urosepsis). On the assumption 

that early treatment improves outcomes some jurisdictions have developed 
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time-based metrics for early sepsis treatment44. These can be useful tools for 

driving process improvements, however mandating specific tasks such as 

administration of antibiotics or fluid boluses within set time frames (with 

associated penalties for not meeting these) is not well supported by existing 

evidence. This may result in unintended negative consequences49. For 

example, physicians have a lower threshold to prescribe empirical broad-

spectrum antibiotics in order to comply with the mandate, rather than on the 

basis of clinical indication50. 

Sepsis-3 has relegated the importance of SIRS in diagnosis, placing greater 

emphasis on organ dysfunction variables. The 2016 task force decisions were 

informed by retrospective analysis of four hospital datasets (3 USA and 1 

Germany)8. Because the SOFA score is rarely used outside the ICU and requires 

laboratory tests results for its calculation, the Sepsis-3 authors identified three 

variables – respiratory rate ≥22/min, systolic blood pressure <100mmHg and 

altered mentation, with the presence of 2 of these 3 conferring between 3 and 

14 fold increase in the odds of in-hospital mortality over baseline. This so-

called ‘quick-SOFA’ score (qSOFA) was suggested as a tool for use at the 

bedside in the ward or ED as a ‘screening’ test for identifying patients with 

clinically suspected infection at higher risk. Importantly its predictive utility 

was not specifically assessed in ED patients. Subsequent ED studies have 

demonstrated that while qSOFA has good overall predictive utility51,52, 

sensitivity for detecting adverse outcomes is limited53-55. In the ED context, a 

useful ‘screening’ test for sepsis should have high sensitivity for detecting 

organ failure among those with features of infection, thus qSOFA cannot be 

recommended for this purpose. Rather it should be considered a severity 

assessment tool to identify patients with infection at particularly high risk of 

deterioration, to prompt expedited assessment and treatment56.  

The question of how to optimally identify sepsis among patients presenting to 

the ED remains unresolved. Those presenting with features of infection 

(including SIRS) are screened for clinical features of organ dysfunction 

(confusion, hypotension, respiratory distress), supplemented by bedside 
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testing for lactate9. Lactate is associated with adverse outcome in sepsis 57-59. 

In a recently completed study I, along with my co-investigators, demonstrated 

that the addition of lactate of ≥2mmol/L to qSOFA improves sensitivity for 

detecting adverse outcomes among patients with suspected sepsis admitted 

from the ED (Shetty A, et	al, manuscript under review). Patients identified to 

be at higher risk undergo rapid diagnostic workup and receive treatment 

according to standard sepsis resuscitation bundles. 	

Risk stratification of suspected sepsis in the ED 

One of the key roles of the ED in general is risk stratification. Among 

undifferentiated patients, identifying those who require urgent work up and 

admission from those who can be discharged for further evaluation as 

outpatients is critical. Final diagnosis may be unknown at the time of ED 

departure. With regard to sepsis, the majority of patients presenting with 

infection have an uncomplicated clinical course and are suitable for treatment 

on a general ward or in the community. Much effort has been invested over the 

past 20 years in developing clinical decision tools to identify the patient with 

sepsis, who is at risk of deterioration and having a poor outcome.  

Risk stratification tools may be specific to a particular infection, such as the 

pneumonia severity index60 and the CURB-65 score61 for community acquired 

pneumonia. In contrast, the Acute Physiology and Chronic health Evaluation 

(APACHE) scoring system was developed for a whole range of critically ill 

patients admitted to ICUs, both unplanned and elective post-operative, but 

requires variables not available in the ED62. The Mortality in Emergency 

Department Sepsis (MEDS) score developed by Shapiro et	al predicts high risk 

among patients with suspected infection in the ED, identified pragmatically by 

a clinical decision to order blood cultures63. MEDS was found by the same 

group to have predictive value for 12-month mortality64. Limitations of MEDS 

include a large weighting given to a subjective assessment of risk of short term 

mortality, and it may perform less accurately among more severely ill 

patients65. Details of the MEDS score are listed in Appendix 2. 
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The SOFA score has become established as a valid and reproducible 

assessment tool for staging of organ dysfunction in critically ill patients41. 

SOFA is objective, and is based upon readily available clinical and laboratory 

parameters. The respiratory component of the SOFA score as originally 

defined requires knowledge of arterial PaO2 along with fractional inspired 

oxygen (FiO2), data that is often unavailable for patients in the ED. For this 

reason, a modification based upon peripheral oxygen saturations (SpO2) 

instead of PaO2 has been suggested when this is unavailable66. Unlike the 

MEDS score, SOFA takes no account of patient predisposing factors such as age 

or comorbidity, which are known to be important drivers of outcome in 

sepsis47,67. In addition, SOFA was originally developed in a non-ED cohort of 

patients, however it has subsequently been demonstrated to have moderate 

predictive value in this setting68-70. The SOFA score is shown in Appendix 3.  

In 2016 Williams et	 al compared the MEDS, SOFA, APACHE II and the 

Simplified Acute Physiology Score (SAPS II) in a cohort of 8,871 consecutive 

patients admitted with infection at a single Australian teaching hospital71. The 

SAPS II score, similar to APACHE II combines 12 variables at admission to ICU 

to predict in-hospital mortality72. This study found areas under the receiver 

operating curves (ROC AUC) as follows: MEDS 0.92 (95% CI 0.90-0.93), SAPS II 

0.90 (95% CI 0.89-0.92), APACHE II 0.90 (95% CI 0.88-0.91) and SOFA 0.86 

(95% CI 0.84-0.88). These findings indicate overall ability to distinguish 

survivors from those who died, however do not address questions of the 

relative balance between sensitivity for detecting high risk patients with the 

specificity necessary to avoid over-diagnosis and over-treatment.  

An important factor driving illness severity is the virulence of the infecting 

organism. Additional factors are host predisposing factors (such as age and 

comorbidity), the host response and resulting organ dysfunction. The 

predisposition insult response organ failure (PIRO) score was proposed by 

Rubolotta et	 al in 2009 as a staging system for sepsis73. Analogous to the 

Tumour Nodes Metastases (TNM) system for cancer, PIRO would allow better 

characterization of sepsis phenotypes for clinical trial recruitment. An obvious 
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limitation for use of the PIRO system in the ED is the lack of knowledge of the 

infecting organism in most instances. Howell et	al therefore developed a PIRO 

model based upon the likely clinical source of infection (in lieu of the ‘I’ 

component)74. The PIRO score is more complex than the MEDS and SOFA 

scores, but has been demonstrated to be predictive of mortality and need for 

ICU admission among ED sepsis patients75. However, the PIRO score has not 

been widely adopted. Details of the PIRO score are shown in Appendix 4. 

The Mortality in Severe Sepsis in the Emergency Department (MISSED) score 

comprises only three variables; age ≥65 years, albumin ≤27g/L and an 

international normalized ratio (INR) ≥1.376. This was developed in a single 

centre in the United Kingdom, and has the advantage of simplicity and 

objectivity. However, it cannot be utilized in patients on warfarin. It had only 

moderate predictive characteristics, with a ROC AUC of 0.74 (95% CI 0.70-

0.77) in an internal validation study77. I found a similar performance of the 

MISSED score in our Australian ED sepsis cohort78. 

Early Goal-Directed Therapy 

Arguably the most prominent development in early sepsis treatment in the 

past two decades has been the concept of early goal-directed therapy (EGDT). 

In 2001, Rivers et	al published a landmark paper, which remains one of the 

most highly cited in medicine79. In this single-centre trial, 263 patients with 

severe sepsis or septic shock were randomised to EGDT compared to usual 

care during the first six hours of treatment. EGDT specified targets such as 

mean arterial pressure (MAP) 65-90mmHg, central venous pressure (CVP) 8-

12mmHg and urine output ≥0.5ml/kg/hour, along with achieving a central 

venous oxygen saturation (ScvO2) ≥70% using a proprietary device. The EGDT 

protocol involved large volume fluid resuscitation, early ventilation, 

vasopressors, dobutamine, and blood transfusions if haematocrit was <30%, in 

order to achieve the ScvO2 target. In contrast, standard care specified only the 

same MAP, CVP and urine output targets, but without ScvO2. The group 

assigned to EGDT had a substantially lower mortality (30% vs 46%). The 

publication of these results led to major changes in the approach to early 
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sepsis resuscitation, including liberal use of intravenous fluids and close 

patient monitoring to ensure optimisation of physiological parameters. 

Numerous subsequent observational studies demonstrated improvements in 

sepsis outcomes over time with the introduction of the EGDT approach in a 

variety of settings80-83.  

However, questions remained about the validity of the Rivers findings84. 

Concerns included the particularly high mortality rate in the standard care 

group in this single centre study, and risk of bias due to the open-label design. 

Furthermore it was not clear which elements of the resuscitation bundle were 

responsible for the apparent benefit, and in particular the necessity of 

placement of the expensive ScvO2 monitoring central line. Other workers 

suggested that targeting a reduction in lactate was equivalent to ScvO2 as a 

resuscitation target, with the advantage of being more readily available in the 

ED setting85. Improvements seen in before and after studies of EGDT 

implementation may simply have been explained by changes in patterns of 

recognition and timing of treatment of sepsis86. 

To address these residual questions, three large international multicentre 

trials were designed to test the hypothesis that EGDT reduced sepsis mortality 

across multiple settings. While independent, these trials harmonized entry 

criteria and outcome measures to allow for subsequent meta-analysis. The 

first of these trials to report its findings in 2014 was the Protocolised Care in 

Early Septic Shock (ProCESS) trial, which involved 1341 patients recruited at 

31 EDs in the United States87. These were randomly assigned to three groups: 

EGDT according to the Rivers protocol, including ScvO2 monitoring; 

protocolised resuscitation without ScvO2; and usual care. At 60 days, the 

mortality rate in the protocol-based EGDT group was 21.0%, in the protocol-

based standard-therapy group 18.2%, and in the usual-care group 18.9% 

(relative risk with protocol-based therapy vs usual care, 1.04; (95% CI 0.82 to 

1.31; P=0.83; relative risk with protocol-based EGDT vs. protocol-based 

standard therapy, 1.15; 95% CI 0.88 to 1.51; P=0.31). There were no 
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significant differences in 90-day mortality, 1-year mortality, or the need for 

organ support.  

The Australasian Resuscitation in Sepsis Evaluation (ARISE) trial recruited 

1600 ED patients with sepsis related hypotension or hyperlactataemia, 

persisting despite fluid resuscitation, at 51 centres mainly in Australia and 

New Zealand88. These were randomly assigned to EGDT or usual care, and the 

primary outcome was all-cause mortality within 90 days. Patients in the EGDT 

group received a larger mean (+/-SD) volume of intravenous fluids in the first 

6 hours after randomization than did those in the usual-care group (1964+/-

1415 ml vs. 1713+/-1401 ml) and were more likely to receive vasopressor 

infusions (66.6% vs. 57.8%), red-cell transfusions (13.6% vs. 7.0%), and 

dobutamine (15.4% vs. 2.6%) (p<0.001 for all comparisons). Rates of death at 

90 days were 18.6% and 18.8% for EGDT and usual care respectively (p=0.90). 

There was no significant difference in survival time, in-hospital mortality, 

duration of organ support, or length of hospital stay. 

The third of these trials was the Protocolised Management in Sepsis (ProMISe) 

trial, conducted in the United Kingdom, which randomised 1260 ED patients 

with septic shock to EGDT or usual care89. By 90 days, 29.5% in the EGDT 

group and 29.2% in the usual-care group had died (relative risk in the EGDT 

group, 1.01; 95% CI 0.85 to 1.20, p=0.90. Increased treatment intensity in the 

EGDT group was indicated by greater use of intravenous fluids, vasoactive 

drugs, and red-cell transfusions, and reflected by significantly worse organ-

failure scores, more days receiving advanced cardiovascular support, and 

longer stays in the intensive care unit. There were no significant differences in 

any other secondary outcomes, including health-related quality of life, or in 

rates of serious adverse events. In addition, an economic analysis found EGDT 

increased costs. 

A meta-analysis of these three trials included 3723 patients at 138 hospitals in 

seven countries90. Mortality at 90 days was similar for EGDT (24.9%) and 

usual care (25.4%); the adjusted odds ratio was 0.97 (95% CI 0.82 to 1.14, 
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p=0.68). EGDT was associated with greater use of intensive care and 

cardiovascular support than usual care; other outcomes did not differ 

significantly, although average costs were higher with EGDT. Subgroup 

analyses showed no benefit from EGDT for patients with worse shock (higher 

serum lactate level, combined hypotension and hyperlactataemia, or higher 

predicted risk of death) or for hospitals with a lower propensity to use 

vasopressors or fluids during usual resuscitation.  

The key conclusion is that EGDT, as defined by the Rivers protocol, confers no 

benefit over usual care. However, mortality rates in the usual care arms were 

similar or lower than that seen in the EGDT arm of the Rivers trial. Moreover, 

all participants in ProCESS, ARISE and ProMISe received substantial fluid 

resuscitation, early antibiotics (although not all patient in ProCESS received 

antibiotics before randomisation since this was not an entry criterion) and 

critical care. It is likely that improved sepsis recognition, early resuscitation 

and treatment and close monitoring associated with the EGDT approach, have 

permeated into usual practice in the decade following publication of the Rivers 

paper. This has led to a lower overall mortality, at least for patients enrolled in 

these clinical trials. 

Summary	

Sepsis	 remains	 a	 clinical	 diagnosis,	 informed	 by	 supporting	 evidence	 of	

infection	 and	 organ	 dysfunction.	 There	 is	 no	 single	 diagnostic	 test,	 and	

recognition	of	 this	 life	threatening	illness	 in	the	ED	requires	a	systematic	

approach	 to	 assessment	 of	 the	 patient	 presenting	 with	 infection.	

Diagnostic	 criteria	 are	 evolving	 in	 light	 of	 shifting	 epidemiologic	 trends	

and	 rapid	 changes	 in	understanding	of	pathogenic	mechanisms	of	 organ	

failure	 and	 shock.	 There	 is	 a	 tension	 between	 operational	 and	 research	

imperatives	 in	 this	 regard.	 Risk	 stratification	 is	 the	 key	 to	 balancing	

identification	 of	 the	 critically	 ill	 or	 deteriorating	 patient	 and	 resource	

stewardship.	A	number	of	clinical	tools	have	been	developed,	and	this	is	an	

area	 of	 ongoing	 research	 endeavor.	 Important	 challenges	 are	 better	

recognition	 of	 sepsis,	 prediction	 of	 outcome,	 and	 improved	 treatment.	
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Prompt	diagnosis	and	treatment	of	critically	ill	patients	with	sepsis	makes	

intuitive	 sense.	 Clinical	 guidelines	 incorporate	 time-based	 treatment	

targets,	although	the	evidence	that	this	improves	outcomes	is	mixed.		

The	 key	 feature	 differentiating	 sepsis	 from	 uncomplicated	 infection	 is	

organ	 failure,	 and	 the	 microcirculation	 plays	 a	 critical	 role.	 In	 the	

remainder	 of	 this	 review	 there	 is	 a	 focus	 on	 clinical	 and	 laboratory	

investigations	 of	 the	microcirculation	 and	 endothelium	 as	 possible	 tools	

for	 diagnosis	 and	 risk-stratification.	 There	 is	 also	 substantial	 current	

interest	 in	 the	 role	 of	 intravenous	 fluid	 resuscitation	 in	 septic	 shock,	 in	

particular	to	its	possible	deleterious	effects	on	microcirculatory	function.	
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METHOD 

A search to inform a narrative review was undertaken (1990-May 2017) using 

the key words “sepsis”, “microcirculation”, “tissue oxygen saturation”, “near-

infrared spectroscopy”, “endothelium”, “fluid$” and associated MeSH headings 

in the following databases: PubMed, EMBASE, Web of Science and the 

Cochrane database of systematic reviews. Results were limited to human 

studies in the English language. The reference lists of review articles were 

scanned for other relevant studies. The major focus was studies that assessed 

a clinical outcome. The section on tissue oxygen saturations in sepsis, as 

related to ED, comprises the published article in chapter 3. 

THE MICROCIRCULATION 

Microcirculatory changes in sepsis 

The microcirculation refers to the capillaries across which oxygen and carbon 

dioxide are exchanged with the tissues (typical vessel diameter <20μm), along 

with their afferent arterioles and draining venules (diameter 20-50μm). Even 

when the systemic circulation is optimized with fluid resuscitation and 

vasopressor drugs, abnormalities of microcirculatory perfusion can persist in 

sepsis91. There is increasing awareness of the importance of the 

microcirculation, and emerging technologies to assess this in the clinical 

setting.  

Several mechanisms are responsible for the microcirculatory changes seen in 

sepsis. These include endothelial activation, alterations in responsiveness to 

vasoactive substances, glycocalyx degradation and interaction with circulating 

cytokines and cells92. Impairment of the microcirculation is associated with 

organ dysfunction in sepsis93. Loss of the endothelial glycocalyx layer, leading 

to activation of endothelial cells, has been demonstrated experimentally in 

endotoxaemia94. Activation of the coagulation cascade and platelet activation 

also play a role95, although this is likely via indirect mechanisms given that 

vascular occlusion by microthrombus is uncommon96. Leukocyte rolling and 

adhesion to the endothelial surface are increased in sepsis97. Reduced capillary 



22 

flow is reversed by blocking P-selectin, a key protein which mediates platelet-

endothelial cell interaction95. Finally, changes in erythrocyte deformability and 

adhesion to endothelium also impair microcirculatory flow and oxygen 

delivery in sepsis98.  

Assessment of the microcirculation 

Techniques have been developed which allow non-invasive clinical assessment 

of the microcirculation in humans. The most established of these are 

Sidestream Dark Field (SDF) imaging (and its predecessor Orthogonal 

Polarisation Spectral (OPS) imaging), and Near-Infrared Spectroscopy 

(NIRS)92. SDF imaging uses a small hand held video-microscope, which 

measures light reflected from deeper layers. When applied to mucosal surfaces 

such as the tongue, perfused vessels are visualized as the haemoglobin in 

erythrocytes absorbs light of the selected wavelength. Analysis is undertaken 

in a semi-quantitative fashion, reporting parameters such as vessel calibre, 

heterogeneity and flow. This requires a trained operator and a cooperative 

patient. New generation devices are available which have improved image 

acquisition and utility99,100. 

NIRS uses the absorbance of near-infrared light to estimate the proportion of 

oxygenated haemoglobin in tissues and calculate the tissue oxygen saturation 

(StO2). This is most commonly assessed in the thenar muscles of the hand. This 

technique is non-invasive and requires less operator training and subject 

cooperation, making it potentially more suitable for clinical use. Both baseline 

StO2 and the rate of increase following a brief period of forearm ischaemia 

(inflation of a blood pressure cuff to a set pressure for a fixed period) have 

been investigated as measures of microcirculatory function in critical 

illness101. It should be noted that both these techniques have significant 

limitations; SDF directly visualizes the microcirculation in a small region, but 

gives no information about other vascular beds. Likewise NIRS gives only an 

indirect estimate of microvascular function, inferring this from the 

oxygenation of haemoglobin in skeletal muscle102. As an example, in one study, 
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the StO2 recovery slope was found to have only a weak association with 

biomarkers of endothelial cell activation103. 

Several studies have investigated associations between NIRS indices and other 

haemodynamic and oxygenation parameters. Skarda et	al found associations 

between low StO2, hypotension and elevated lactate104. Mulier et	al found an 

association between thenar StO2 and pulmonary arterial mixed venous oxygen 

saturation (SvO2)105, while Mesquida and co-workers reported a correlation 

between thenar StO2 and ScvO2106. Colin and coworkers suggested that 

masseter or deltoid StO2 is superior for estimating ScvO2 and predicting 

outcome107, possibly related to the influence of peripheral circulation on 

thenar StO2108. However there is evidence that thenar StO2 during resuscitation 

predicts the development of multiple organ failure in traumatic shock109. Given 

the known associations between microcirculatory alterations and organ 

dysfunction, the question of whether StO2 can provide a clinically useful means 

of assessing deep tissue perfusion as a marker of developing sepsis in the ED 

merits further exploration. 

Clinical studies examining the microcirculation in sepsis (Table 1) 

There have been numerous clinical studies in the past decade examining the 

relationship between microcirculatory alterations and organ dysfunction in 

sepsis. Debacker et	 al undertook OPS measurements in 50 ventilated ICU 

patients with sepsis110. They found a significant reduction in the number and 

calibre of perfused vessels compared to non-septic controls, which was most 

marked in non-survivors. These changes were fully reversed by topical 

acetylcholine suggesting affected vessels are responsive to external 

vasodilatory stimuli.  

Sakr et	 al recorded daily sublingual OPS measurements in 49 septic shock 

patients in the ICU and found that small vessel perfusion improved towards 

normal in survivors but not in those who died of multiorgan failure, despite 

similar oxygen and vasopressor requirements91. Trzeciak et	 al found a 

correlation between OPS measured microcirculatory dysfunction and risk of 
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death among 26 septic shock patients undergoing early goal directed 

resuscitation111. The same group examined the relationship between severity 

of organ failure and microcirculatory parameters in 33 septic shock patients in 

the ED 112. There was a significant association between improvements in 

microcirculatory indices as measured by SDF, and improvements in sequential 

organ failure assessment (SOFA) score. Finally, Boerma et	 al compared 

sublingual with gut mucosal flow using OPS in patients with a new intestinal 

stoma113. Both vascular beds demonstrated significant derangement, which 

was unrelated to systemic haemodynamics and improved by 72 hours. 

NIRS has also been investigated in a number of clinical studies. Vorwerk and 

Coates examined the relationship between thenar StO2 and mortality in a 

cohort of 49 septic shock cases in the ED114. There was no difference in 

baseline StO2 between survivors and non-survivors, but there was a significant 

improvement in StO2 following resuscitation in survivors compared to 

persistent low StO2 in the group who died. This effect persisted up to 24 hours. 

Despite a high mortality rate in the study, few patients were admitted to the 

ICU and vasopressors were not used as part of the ED resuscitation protocol, 

casting doubt upon the external validity of these findings. In contrast Leone at	

al assessed thenar StO2 in 42 ventilated ICU patients with septic shock 

following optimisation of haemodynamics and oxygenation115. They found a 

StO2 <78% was significantly associated with mortality. Ardolic et	al reported a 

20% incidence of tissue hypoperfusion (defined as StO2<75%) among patients 

being admitted to hospital with infection, although outcome data were not 

reported116. More recent studies examining the utility of a single StO2

measurement for diagnosis or risk stratification in ambulatory care or ED 

settings have found this to be limited117-119. When combined with conventional 

observations StO2 may provide additional diagnostic accuracy for sepsis120. 

To counter the problem of wide baseline variability in StO2, other investigators 

have used dynamic NIRS measurement, which assesses the StO2 changes in 

response to a vascular occlusion test (VOT). The fall in StO2 on following 

occlusion with a pneumatic blood pressure cuff represents mitochondrial 
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oxygen consumption, while the slope of re-saturation of haemoglobin in 

muscle following cuff deflation reflects the degree of microvascular 

responsiveness121Creteur et	al found reduced StO2 baseline and recovery slope 

among ICU sepsis patients compared to non-sepsis and healthy controls122. In 

2009 Payen et	 al investigated dynamic StO2 in 43 ventilated septic shock 

patients123. While baseline StO2 did not differ between survivors and those 

who died, there was significant impairment of the StO2 recovery slope in non-

survivors. Shapiro et	 al found that baseline StO2, occlusion slope and 

reperfusion slope were all lower among patients with septic shock compared 

to non-shock sepsis, and that recovery slope correlated with SOFA score 

among patients admitted from the ED124.  Finally, Nardi et	al conducted a small 

randomised pilot trial of StO2 ≥80% as a resuscitation target, but found no 

difference in mortality at 7 days125. 

Therapies targeting the microcirculation (Table 2) 

In sepsis there is decoupling of systemic haemodynamics and the 

microcirculation. Dubin et	al investigated the relationship between systemic 

blood pressure and microcirculation in sepsis126. There was no improvement 

in microcirculatory derangements when MAP was increased from 75mmHg to 

85mmHg by means of a noradrenaline infusion. This is consistent with clinical 

trial evidence that found no improvement in outcomes with a higher blood 

pressure target127. These observations have resulted in a refocusing of 

resuscitation efforts towards improving microcirculatory parameters.  

Vasodilators	

In 2002, Spronk et	al published a small, un-randomised pre and post study of 

the effect of glyceryl trinitrate (GTN) infusion on sublingual microcirculation 

in ICU patients with septic shock, suggesting a beneficial effect of this drug128. 

However, a subsequent randomised trial among optimally resuscitated ICU 

patients with septic shock found no benefit of GTN on microcirculatory 

impairment129.  



26 

Fluids	

Intravenous fluids have been the focus of several studies. Pottechar et	al found 

significant improvement in indices of microcirculatory perfusion by sublingual 

SDF by both passive leg raising (increasing venous return) and volume 

expansion among 25 fluid-responsive patients with septic shock130. Ospina-

Tascon et	 al compared 4% albumin and Hartmann’s solution on changes in 

sublingual SDF indices in 60 ICU patients. Those with shock onset in the 

preceding 24 hours had significant improvement in microcirculation with 

either fluid type, but this effect was not seen beyond 48 hours131. Finally Dubin 

et	al compared 6% hydroxyethyl starch (HES) with normal saline in a small, 

randomised trial. There was no difference between the groups at baseline, but 

microcirculatory perfusion significantly improved in the HES group at 24 

hours132. 

Inotropes	and	vasopressors	

The effect of various inotropes and vasopressors on the microcirculation has 

also been studied133. DeBacker and co-workers undertook sublingual OPS 

measurements in 22 ICU patients with septic shock. They found improvements 

in capillary perfusion independent of changes in cardiac index after 

commencement of a dobutamine infusion134. In contrast, Enrico et	al found no 

significant effect of dobutamine on the microcirculation135 In a study of 20 ICU 

patients with septic shock, Morelli et	 al found terlipressin increases 

microcirculatory flow, as measured by SDF, and reduced noradrenaline 

requirements136. The same group also undertook a blinded randomised trial 

comparing terlipressin, arginine vasopressin (AVP) and placebo. They 

concluded that the addition of terlipressin or AVP to noradrenaline did not 

improve the microcirculation, which was mainly dependent upon such factors 

as volume status, haemodynamics and disease progression137.  

Others	

Other therapeutic agents studied include steroids and activated protein C. 

Buchele et al assessed the effect of hydrocortisone upon sublingual OPS 

measurements in 20 septic shock patients in the ICU. There was a modest but 
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significant increase in the microcirculatory flow which was independent of 

systemic haemodynamics and responsiveness to exogenous ACTH138. 

DeBacker and co-workers found activated protein C improved 

microcirculation in a small, un-randomised study of ICU patients139. This agent 

has since been withdrawn by the manufacturer, on the basis of the findings of 

the PROWESS-SHOCK trial, which showed no mortality benefit140. 

Summary	

Clinical	 assessment	 of	 the	 microcirculation	 remains	 primarily	 a	 tool	 for	

research	and	clinical	application	is	limited.	NIRS	is	clinically	applicable	to	

assess	StO2,	and	continuous	/dynamic	monitoring	(i.e.	assessing	response	

to	 VOT)	 may	 be	 useful	 in	 the	 ICU	 or	 operating	 theatre.	 However	 this	 is	

logistically	 unfeasible	 in	 the	 ED.	 While	 StO2	 may	 be	 useful	 to	 guide	

resuscitation	and	predict	outcome	in	traumatic	shock	in	the	ED,	its	utility	

in	sepsis	in	this	setting	is	unproven.	There	is	currently	insufficient	evidence	

to	support	any	particular	therapeutic	intervention	to	favourably	affect	the	

microcirculation	in	sepsis. 
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BIOMARKERS OF SEPSIS 

A biomarker is a naturally occurring molecule, gene or characteristic that gives 

information about a pathologic process or disease. In sepsis, there has been 

intense interest in identifying markers of the various pathogenic processes to 

provide information on diagnosis and/or prognosis. There have been 

thousands of studies investigating hundreds of different molecules141. Of 

necessity, and in keeping with the focus of this thesis, I have restricted 

discussion to those biomarkers in current clinical use, and selected putative 

biomarkers, in particular those related to endothelial cell activation. 

Lactate 

Lactate is recommended by the SSC guidelines as a marker of illness severity, 

for prognostication and for monitoring response to treatment9. Historically 

lactate elevation was considered to be produced by anaerobic metabolism in 

under-perfused tissues, hence its incorporation into definitions of septic shock. 

However, lactate is also produced aerobically as a result of adrenergic 

stimulation, as part of a stress response to critical illness142-144. What is clear is 

that elevated lactate correlates with illness severity and outcome145,146, 

although it is insufficiently sensitive to rule out sepsis or shock147. Lactate 

clearance is also associated with improved outcome148,149, and this has been 

proposed as a resuscitation target85,150. A review of 17 studies of lactate for 

diagnosis of sepsis conducted by the United Kingdom National Institutes of 

Clinical Evidence found high rates of potential bias and rated the overall 

quality of evidence as very low151  

Procalcitonin 

Procalcitonin (PCT) is a pro-hormone produced by a variety of endocrine 

tissues. Its production is upregulated by pro-inflammatory mediators in 

response to bacterial infections. Its production is also inhibited by interferon-γ 

produced in response to viral infections152. PCT therefore potentially may 

differentiate between these. It rises and falls faster than traditional biomarkers 

such as white blood cell count and C-reactive protein (CRP), conferring a 
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potential advantage. PCT has been used to guide initiation and de-escalation of 

antibiotics in patients with respiratory infections153-155, and in the ICU156.  For 

sepsis diagnosis, a meta-analysis found a pooled sensitivity of 0.77 (0.72-0.81) 

and specificity of 0.79 (0.74-0.84), however the majority of included studies 

were conducted in the ICU157. In addition, Anand et	al found PCT differentiated 

between culture positive sepsis and non-infectious SIRS in the ICU158. There is 

less data on use of PCT in the ED, and PCT cannot be recommended to rule out 

sepsis in this setting159. The recent availability of commercial point-of-care 

PCT testing opens potential new avenues of enquiry. High quality evidence of 

utility and cost-effectiveness is required prior to clinical use. 

Proadrenomedullin 

Proadrenomedullin (ProADM) is a calcitonin peptide similar to PCT. ProADM 

is a vasodilator with additional metabolic and immune modulating effects. Like 

PCT it is produced by the inflammatory response to bacterial infection. In a 

small ICU based observational study ProADM was associated with mortality in 

sepsis160. In an ED study of patients admitted with pneumonia, ProADM 

predicted mortality with similar accuracy to the pneumonia severity score, and 

was superior to PCT161. A clinical algorithm using ProADM along with the 

CURB-65 was superior for predicting mortality than CURB-65 alone162. 

Markers of organ dysfunction 

Acute renal failure is a common complication of sepsis, and elevation of serum 

creatinine is one component of the SOFA score. There is a delay between onset 

of renal injury and creatinine elevation that may not peak for several days. 

Neutrophil Gelatinase Associated Lipocalin (NGAL), originally identified in 

neutrophils, is produce by a wide variety of tissues in response to stress. It has 

been evaluated as a biomarker of early acute renal injury in a variety of 

illnesses including sepsis163,164. Other components of the SOFA score which are 

routinely measured in practice are bilirubin and platelet count. Troponin and 

Brain Natriuretic Peptide (BNP) are released due to myocardial stress, and 

while not specific for sepsis, have prognostic value in critically ill patients165-

168.
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Endothelial biomarkers in sepsis (Tables 3-12) 

The endothelium plays a central role in the pathophysiology of sepsis and is a 

central player in mediating local perfusion169. The quiescent endothelium is 

essential for maintaining vasomotor tone, blood flow and haemostasis. 

Activation of endothelial cells as part of the innate immune response to 

infection results in the expression of cell surface adhesion molecules that bind 

to circulating leucocytes resulting in rolling (E-selectin) and adhesion (ICAM-1, 

VCAM-1170. Molecules involved in the activation of endothelial cells include 

vascular endothelial growth factor (VEGF), endocan and angiopoetin-2 (Ang-

2). Ang-2 is an autocrine signaling molecule, which is released from Weibel-

Palade bodies upon endothelial activation to compete with the inhibitory Ang-

1 molecule for binding at the Tie2 receptor, thus amplifying the activation 

signal171. Tie2 is a cell surface tyrosine kinase that binds constitutively 

expressed Ang-1 in the quiescent state. Inhibition of this binding leads to 

increased expression of adhesion molecules. In addition to promoting 

leucocyte binding, conformational change occurs resulting in diapedesis of 

inflammatory cells and increased vascular permeability under the influence of 

VEGF, endothelin-1 and soluble VEGF receptor (VEGFR), also known as soluble 

fms-like tyrosine kinase-1 (Flt-1)172. Flt-1 acts by binding VGEF, dampening 

the pro-inflammatory response. Finally, endothelial cells also release 

mediators of coagulation von Willebrand factor (vWF) and a disintegrin and 

metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS-

13), also known as von Willebrand factor-cleaving protease169. Soluble protein 

products of endothelial cell activation can be measured in the circulation173. 

Studies of the use of these as diagnostic and prognostic biomarkers in sepsis is 

summarised below. 

	

Angiopoeitin	system	

Research investigating the utility of Ang-1 and Ang-2 as biomarkers in sepsis 

has been conducted largely in the ICU setting174-188. The majority of studies 

found levels of Ang-2 to be significantly higher in sepsis, while Ang-1 levels 

were reduced. There were variable reports of association with sepsis 

severity177,178,182,187. In some studies Ang-2 levels correlated with 
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mortality175,180,187,188, in others it did not174,177. The 15 studies examining the 

utility of Ang-2 in sepsis are summarized in table 3. 

 

Leukocyte	adhesion	molecules	–	soluble	ICAM-1	

Soluble intercellular adhesion molecule (sICAM-1) has been investigated in 22 

studies, summarised in table 4. All studies demonstrated higher levels of 

sICAM-1 in patients with sepsis compared to healthy controls186,189-209. While 

most early studies were undertaken in the ICU setting, three more recent 

investigations were conducted in the ED189,190,208. There was a variable 

correlation between sICAM-1 level and illness severity, and only around half 

the studies demonstrated a relationship between sICAM-1 and mortality. 

 

Leucocyte	adhesion	molecules	–	soluble	VCAM-1	

VCAM-1 has been evaluated in a total of 14 studies ranging from the 

ED189,190,208, ICU194,205,207,209-212, postoperative202, and trauma199. These studies 

are summarised in table 5. Several found that VCAM-1 was significantly 

elevated in sepsis compared to either non-sepsis patients or healthy controls. 

However Hofer et	 al found no significant difference between sepsis, post-

operative patients, or controls191. Only three studies demonstrated a 

relationship between sVCAM-1 level and mortality190,191,209. 

 

Leucocyte	adhesion	molecules	–	soluble	E-selectin	

Twenty-six studies examining E-selectin in sepsis are summarized in table 

6186,187,189,190,192,194,196-203,205,207-209,211,213-219. Aside from three involving ED 

patients189,190,208, all studies were undertaken in the ICU setting. Most found 

that E-selectin was elevated in sepsis compared to controls, but there was 

variable association with illness severity and outcome. E-selectin did not 

differentiate patients with and without acute respiratory distress syndrome 

(ARDS)194, or between sepsis and pancreatitis215. E-selectin was higher in 

patients with sepsis compared to trauma patients199,202,203. 
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Vascular	Endothelial	Growth	Factor	(VEGF)	

Table 7 summarises studies of VEGF in human sepsis180,181,185,186,188,190,220-223. 

Five studies found VEGF to be higher in sepsis than control181,190,221-223, and in 

two VEGF was lower180,220. Shapiro et	al found a positive correlation between 

VEGF levels associated with organ dysfunction and increased mortality190, but 

in other studies no relationship was found185,186. Van der Flier et	al also found 

raised VEGF levels associated with mortality223, in contrast with Yang et	al220, 

and Rafat et	 al222 who found no such relationship, and with Hou et	 al who 

found lower VEGF in patients who died188. 

 

Endothelin-1	(ET-1)	

Table 8 summarises five studies evaluating ET-1 as a marker in sepsis210,224-227. 

ET-1 was higher in sepsis and correlated with illness severity, but no 

relationship with mortality was found in one study that assessed this 

outcome224. 

 

Endocan	

Six studies have evaluated endocan as a marker in sepsis (table 9)187,193,228-231. 

This marker was found to be elevated in sepsis and SIRS compared to healthy 

controls and to be significantly elevated in septic shock. In two studies, 

endocan was higher in non-survivors193,230, but in one no relationship was 

found187. 

 

Soluble	fms-like	tyrosine	kinase-1	(Flt-1)	

Five clinical studies have examined Flt-1 as a sepsis biomarker, summarised in 

table 10172,185,189,190,208. All of these studies were undertaken in ED patients. 

Flt-1 was higher in sepsis and generally correlated with disease severity. In 

two studies, Flt-1 was associated with mortality172,208. 

 

Mediators	of	haemostasis	–	von	Willebrand	Factor	(vWF)	

Studies examining the utility of vWF in sepsis have been performed exclusively 

in the ICU (table 11). The majority demonstrated elevated vWF in sepsis 

compared to controls181,193,198,203,232-237. Several studies examined the 
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relationship between vWF and ARDS, with two studies finding an 

association181,236, and two finding none238,239. Eight studies found and 

association between vWF and mortality181,188,193,198,232,233,236,240, while three 

found no association234,235,241. 

 

Mediators	of	haemostasis	–	ADAMTS-13	

ADAMTS-13 has been found to be significantly lower in patients with sepsis 

compared to either non-sepsis ICU patients232,233,235, or healthy controls234. 

These studies are summarised in table 12. Martin et	 al found correlation 

between low ADAMTS-13 and organ failure and mortality235. Claus et	al and 

Bockmeyer et	 al also demonstrated associations with mortality232,233, but 

Kremer Hovinga et	al found no such relationship234. 

 

Other novel biomarkers 

A wide array of novel biomarkers, reflecting many of the pathogenic pathways 

has been proposed. These include triggering receptor expressed on myeloid 

cells (sTREM-1), urokinase-type plasminogen activator receptor (uPAR), and 

Presepsin (a soluble product of CD14)12. Resistin, first identified in mouse 

adipose tissue and implicated in the pathogenesis of diabetes, is secreted by 

white blood cells in humans, and behaves as a pro-inflammatory cytokine242. 

In addition, rapid advances in proteomic and genomics are opening new 

opportunities for discovery. Micro-RNAs (miRNA) are non-coding endogenous 

RNAs that regulate gene expression. In sepsis miRNAs regulate toll-like 

receptor signalling and are associated with illness severity and outcome243. 

Gene array studies have identified mRNA signatures to characterise sepsis 

subtypes and differentiate bacterial from viral infections244,245.  

 

Summary	

Despite	 the	 large	 number	 of	 molecules	 studied,	 no	 single	 marker	 has	

emerged	 as	 a	 consistently	 reliable	 indicator	 for	 sepsis	 diagnosis	 or	 to	

predict	 outcome.	 In	 particular,	 biomarkers	 of	 endothelial	 activation	

representing	a	range	of	pathophysiological	functions	have	shown	variable	

relationships	with	clinical	outcomes	of	interest.	This	may	be	due	to	a	range	



 34 

of	 factors	 such	 as	 the	 complexity	 of	 the	 pathogenesis	 of	 organ	 failure,	

clinical	heterogeneity,	timing	of	sampling	in	relation	to	illness	onset,	small	

sample	 sizes	 and	 lack	 of	 assay	 standardisation173.	 Some	 authors	 have	

proposed	 a	 panel	 of	 biomarkers	 representing	 different	 aspects	 of	 the	

pathogenic	process	of	sepsis	as	a	possible	solution246,247.	However,	 like	all	

diagnostic	 tests,	 performance	 depends	 upon	 pre-test	 probability,	 and	

clinical	context	is	key	to	interpretation	of	any	biomarker	result.	
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FLUID VOLUME IN SEPSIS RESUSCTIATION	
 

Intravenous fluid resuscitation has been one of the cornerstones of 

management of the hypotensive septic patient for decades. Large volume fluid 

resuscitation was a key element of the Rivers trial, published in 200179.  As we 

have seen, three subsequent large multicentre trials of EGDT showed mortality 

rates in both the EGDT and standard care arms which were similar to that in 

the River’s intervention arm87-89. In all of these trials substantial volumes of 

fluid were administered (3-4 litres in the first six hours, including pre 

randomisation fluids) in both the EGDT and standard care arms. Thus, the 

significant reductions in mortality for sepsis in the decade since the 

publication of the Rivers trial have coincided with the incorporation of large 

volume fluid administration into sepsis resuscitation protocols, albeit that the 

recent trials gave substantially smaller volumes. While there has been a 

substantial research effort to determine the best type of intravenous fluid to 

use in sepsis resuscitation (e.g. crystalloid vs colloids, normal saline vs 

balanced isotonic crystalloids), this review will limit its scope to the volume of 

fluid.  This question has become into greater focus in the past decade. An 

excellent recent review of these broader questions surrounding use of 

intravenous fluids in sepsis is provided by Loflin and Winters248. 

	

Rationale for volume loading in sepsis 

The current SSC guidelines recommend at least 30ml/kg of isotonic crystalloid 

over the first three hours for sepsis patients with evidence of 

hypotension/hypoperfusion9. This recommendation is based largely upon the 

Rivers trial79. The rationale is to restore circulating volume, and to increase 

stroke volume by optimising cardiac preload. Advances in our understanding 

of fluid physiology in critical illness have challenged these underlying 

assumptions249. Historically ‘septic shock’ was understood as tissue 

hypoperfusion due to a combination of volume depletion (capillary leakage) 

and vasodilatation leading to systemic hypotension, with a corresponding 

increase in cardiac output. However the syndrome proves to be far more 

complex:  
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• Cardiac dysfunction (both systolic and diastolic) is common in 

sepsis250,251 

• Cellular hypoxia is infrequently observed in sepsis252-254  

• Organ failure in sepsis involves alterations in cellular function, 

including impaired oxygen utilisation by mitochondria255 

• There is a key role played by the microcirculation, which becomes 

decoupled from systemic haemodynamics in sepsis14 

• Elevated lactate, rather than being due to tissue hypoxia, is produced 

aerobically as part of an adrenergic mediated stress response in critical 

illness144 

• Cardiac output increase with volume loading in critical illness is 

unreliable256 and any increase in blood pressure is not sustained257  

• Only around half of patients with septic shock are ‘fluid-responsive’258, 

and this is difficult to predict in the clinical setting248 

• Titration of fluid volume on the basis of demonstrable preload-

responsiveness does not result in reduction in shock duration259 

 

In a recent retrospective analysis of a dataset of 49,331 sepsis cases at 149 

New York hospitals, there was no relationship between time to completion of 

the initial fluid bolus and mortality (Risk adjusted odds ratio 1.01 per hour, 

95% CI 0.99-1.02. p=0.21)44. Leisman et	al identified increased mortality with 

later initiation of fluids in a database of 11,182 sepsis patients (Odds ratio 1.09 

per hour, 95%CI 1.03-1.16, p<0.002), but also with >35ml/kg administered 

during the first 6 hours of treatment (OR 1.18, 95% CI 1.02-1.37)260. However, 

despite adjusting for baseline risk and other covariates, potential bias from 

residual unmeasured confounding remains in these observational studies, 

precluding conclusions being made about causality. 

 

Potential harms of injudicious fluid administration 

Accumulating observational evidence links excessive administration of 

intravenous fluids with adverse outcome in sepsis261-265. The Fluid Expansion 

As Supportive Therapy (FEAST) trial randomised 3400 children (median age 

24 months) with sepsis and hypoperfusion in a resource poor setting in Africa 
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to receive fluid bolus resuscitation with either crystalloid saline or albumin, as 

well as a control group who received only maintenance fluid with no bolus266. 

Despite early improvements in indices of perfusion, the mortality rate at 48 

hours in both fluid groups was 50% higher compared to no bolus (10.6% vs 

7.3%), an effect that persisted at 4 weeks. Further analysis found that the 

excess deaths were due to cardiovascular collapse rather than respiratory or 

neurological complications of fluid administration267. A number of factors 

prevent extrapolation of these results to industrialised countries such as 

limited access to intensive care and the prevalence of malaria and severe 

anaemia among the study population. For several years the FEAST trial was 

the only high level randomised trial evidence in the area of fluid bolus 

resuscitation in septic shock. In September 2017, Andrews et	al	reported the 

results of an open-label randomised trial of an early resuscitation protocol 

including intravenous fluid, vasopressors and blood transfusion compared to 

usual care in 212 patients with septic shock in the ED of a Zambian hospital268.  

The mortality rate in the protocolised care group, who received a median of 

3.5L (IQR 2.7-4L) of fluid in the initial 6 hours, was 48% compared to 33% in 

the usual care group, who received a median fluid volume of 2L (IQR1-1.5L). 

There were substantial differences in both the population (the majority had 

HIV and tuberculosis) and the resuscitation protocol (e.g. use of dopamine, 

lack of intensive care monitoring) from a high-income country such as 

Australia. While this precludes extrapolation of the findings to other contexts, 

the results nevertheless provide further support for the concept that excessive 

fluid volume in early sepsis resuscitation is harmful.  

 

Evidence to support a fluid-sparing approach 

With evidence that a positive fluid balance is an independent risk factor for 

adverse outcome in sepsis, research interest has turned to the question of 

whether a conservative approach to fluid administration, or de-resuscitation 

(the active removal of fluid by use of diuretics or renal replacement therapy) is 

beneficial. Silversides et	al undertook a systematic review and meta-analysis of 

2051 patients enrolled in 11 randomised trials269. While no difference in 

mortality was found, those patients who had a conservative or de-resuscitative 
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strategy compared to a fluid-liberal strategy had increased ventilator-free days 

and reduced ICU length of stay. Hjortrup et	al recently published the results of 

a multicentre 151 patient pilot trial of a restricted fluid protocol among ICU 

patients with sepsis270. This was successful in achieving lower fluid volumes, 

and while the trial was not powered for clinical outcomes, a significant 

reduction in acute kidney injury was found with the restricted volume group. 

However, the mean volume of fluid administered prior to randomisation was 

more than 4 litres, so the question of whether early volume restriction may 

lead to better outcomes is not addressed in this trial.  

 

Relationship between fluid administration and endothelium: role of the 

glycocalyx 

What are the potential mechanisms of harm with excess fluids? In addition to 

interstitial oedema, and potential flushing of injurious inflammatory mediators 

out of closed capillary beds, there has been a major focus upon the effect of 

exogenous fluids on degradation of the endothelial glycocalyx as a precursor to 

propagation of endothelial activation31. The glycocalyx is a 1-2μm thick mesh 

of glycosaminoglycans and proteoglycans that adheres to the luminal surface 

of the vascular endothelium. It plays a vital role in vascular homeostasis. 

Under conditions of injury or inflammation, degradation of the glycocalyx layer 

exposes the underlying endothelial cells to the constituents of circulating 

blood, and this is an essential step in propagation of inflammation271. As well 

as pathogenic processes, there is evidence that exogenous fluid administration 

results in degradation of the glycocalyx, both as a direct affect and mediated 

via the action of natriuretic peptides released in response to cardiac 

stretch272,273. 

 

Clinical evidence supports an association between shedding of the glycocalyx 

and poor outcome in sepsis274. Recently, work by my group has demonstrated 

that patterns of release of glycocalyx degradation products in sepsis to be 

different during early treatment in the ED compared to studies that recruited 

patients later in their clinical course. This observational study also found an 

association between volume of intravenous fluid and hyaluronin levels275. The 



 39 

hypothesis that intravenous fluid administration leads to glycocalyx 

degradation in sepsis should be tested in a randomised trial.  

 

SUMMARY 

 

This review has focussed upon the central role played by the microcirculation 

in the pathogenesis of organ failure in sepsis. There has been significant 

research interest both in clinical tools to assess microcirculatory function in 

the clinical setting, and the potential for soluble circulating endothelial derived 

proteins as clinically useful biomarkers of sepsis. Fluid resuscitation is a 

critical intervention in sepsis management and its effects upon the 

microcirculation are becoming increasingly recognised. 

 

The majority of evidence comes from small observational studies undertaken 

in the intensive care environment. This is problematic because ICU patients 

are a selected population, generally with established organ failure on 

admission. In addition, patients have often had substantial treatment, e.g. 

fluids, antibiotics and even surgical source control procedures. All of these 

factors can impact on the inflammatory response in the dynamic setting of 

critical sepsis. More recent larger studies have recruited patients in the ED. 

However advantages of earlier recruitment are potentially offset by a less well-

characterised study cohort, given the challenges associated with clinical 

identification of sepsis in the ED53. These factors, coupled with the enormous 

clinical heterogeneity of sepsis, help to explain why clinically useful diagnostic 

tools based upon microcirculatory assessment or biomarkers of endothelial 

cell activation have remained elusive. 

 

This thesis will address several outstanding questions arising from this 

review: 

 

• Is tissue oxygen saturation measurement useful for identifying sepsis in 

the ED? 
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• What is the optimal means of risk stratifying patients with sepsis in the 

ED? 

• Can an empirical approach be used to identify novel biomarkers of 

sepsis in ED patients? 

• Does fluid volume alter expression of endothelial biomarkers during 

sepsis resuscitation in the ED? 

 

In the subsequent chapters, I will develop each of these themes by describing 

research I have undertaken among patients recruited in the ED.  
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CHAPTER 3 

 

NEAR-INFRARED SPECTROSCOPY IN THE ASSESSMENT 

OF SUSPECTED SEPSIS IN THE EMERGENCY 

DEPARTMENT  

(REVIEW) 
 

 

 

 

 

Macdonald SPJ, Brown SGA.  

Near-infrared spectroscopy in the assessment of suspected 

sepsis in the emergency department 

	Emerg	Med	J 2015:32:404-408 
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Summary 

This narrative review provides additional information on the physiological 

principles underlying NIRS derived StO2, and how this may be a surrogate 

marker of microcirculatory dysfunction. The evidence for the utility of this 

measurement among patients in the ED with suspected sepsis is discussed. 

Overall, StO2 correlates with illness severity and worse outcome in suspected 

infection, but questions remain about the utility to distinguish sepsis from 

infection in the ED. Chapter 5 describes subsequent research study addressing 

this question. 
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CHAPTER 4 

CLINICAL RISK SCORES IN THE EMERGENCY 

DEPARTMENT AND MORTALITY 

Macdonald SPJ, Arendts G, Fatovich DM, Brown SGA  

Comparison of PIRO, SOFA and MEDS scores for predicting 

mortality in Emergency Department patients with severe 

sepsis and septic shock  

Academic	Emergency	Medicine 2014;21:1257-1263 
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Summary 

One of the key roles in the emergency department evaluation of sepsis is risk 

stratification. For patients presenting with infection, it is important to identify 

the patient with sepsis from among those with uncomplicated infection. There 

are a number of existing scoring systems for predicting higher risk of adverse 

outcome presenting to the ED with suspected sepsis. This paper clinically 

characterises a cohort of patients presenting to the ED with suspected sepsis. 

These are a subset of cases with sepsis recruited into a prospective 

observational study - the Critical Illness and Shock Study (CISS) 276. CISS 

recruited patients with a range of acute illnesses and injury based upon 

physiological features of shock or organ failure presenting to the ED. Detail of 

the methodology of the CISS study is provided in Appendix 5.  

While organ failure is a key driver of mortality, this paper demonstrates that 

host factors such as age and comorbidity are also important drivers of 

outcome. Of note in this study, only around half of all patients were admitted 

to the ICU. The spectrum includes milder illness, but also a number of patients 

who despite the severity of their sepsis a decision was made to limit care to 

ward level. The different scoring systems perform differently among the ICU 

cohort compared to those not admitted to ICU. This illustrates how the ED 

sepsis population differs from that in the ICU, a factor to be considered in 

interpreting research findings. 
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CHAPTER 5 

NEAR-INFRARED SPECTROSCOPY TO PREDICT 

ORGAN FAILURE AND OUTCOME IN SEPSIS 

Macdonald SPJ, Kinnear FB, Arendts GA, Ho KM, Brown SGA, 

Fatovich DM Near-infrared spectroscopy to predict organ 

failure and outcome in sepsis: the Assessing Risk in Sepsis 

using Tissue Oxygen Saturation (ARISTOS) study.	 

Eur	J	Emerg	Med	2018;	in	press	
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Summary 

This prospective observational study was conducted in three Australian 

hospitals. The objective was to determine the utility of measuring StO2 in 

the ED to predict organ failure and outcome among patients admitted to the 

hospital with suspected infection. The specific hypothesis that StO2, 

measured as part of the initial assessment in the ED, would provide useful 

information to identify patients at risk of organ failure, shock and mortality 

was tested. A low StO2 was found to be associated with organ failure and 

with adverse outcome, however its ability to distinguish between clinical 

groups of interest was limited. 
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ABSTRACT 

Objective 

Sepsis is acute organ dysfunction in the setting of infection. Accurate diagnosis is 

important to guide treatment and disposition. Tissue oxygen saturation (StO2) can 

be estimated non-invasively by near-infrared spectroscopy (NIRS), and may be an 

indicator of microcirculatory dysfunction in early sepsis. We aimed to determine 

the utility of StO2 for sepsis recognition and outcome prediction among patients 

presenting to the ED with infection. 

Methods 

A multicentre, prospective, observational cohort study recruited patients who 

were being admitted to hospital with infection. StO2 was measured in the ED using 

a handheld NIRS device, Inspectra 300 (Hutchison Technology, MN, USA). 

Outcomes were sepsis, defined as an increase in Sequential Organ Failure 

Assessment (SOFA) score of ≥2 points within 72 hours, and composite in-hospital 

mortality/ICU admission ≥3 days. 

Results 

A cohort of 323 participants, median age 64 (IQR 47-77) years, were recruited at 

three Australian hospitals. 143 (44%) met criteria for sepsis, and 22 (7%) died 

within 30 days. Mean (±SD) StO2 was 74±8% in sepsis, and 78±7% in non-sepsis, 

p<0.0001. StO2 correlated with peak SOFA score (Spearman’s Rho -0.27, 

p<0.0001). Area under the ROC curve for sepsis was 0.66 (95% CI 0.60-0.72) and 

for the composite outcome 0.66 (0.58-0.75). StO2<75% had an Odds Ratio of 2.67 

(1.45-4.94), p=0.002, for the composite outcome compared to StO2 ≥75%. 

Conclusions 

NIRS derived StO2 correlates with organ failure and is associated with outcome in 

sepsis. However its ability to discriminate sepsis among ED patients with 

infection is limited. NIRS cannot be recommended for this purpose. 
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INTRODUCTION 

Sepsis, defined as a dysregulated host response to infection resulting in 

organ dysfunction, is associated with significant morbidity and mortality [1].  In 

the Emergency Department it is important to recognize the patient with early 

sepsis in order to ensure timely treatment and appropriate disposition [2]. This is 

challenging given the dynamic and heterogeneous nature of sepsis, and the lack of 

reliable objective diagnostic criteria. 

Near-infrared spectroscopy (NIRS) is a non-invasive technique for 

estimating tissue oxygen saturation (StO2), the percentage of oxygenated 

haemoglobin in skeletal muscle [3]. This is most commonly measured at the thenar 

eminence of the hand. NIRS may identify patients with impaired tissue perfusion, 

and aid clinical recognition of early sepsis [4,5]. Sepsis results in alterations to the 

function of the microcirculation, and abnormal StO2 (normal range 75-90%) may 

be an indicator of this. While impaired StO2 correlates with other indices of 

oxygenation [6-8], the clinical utility in the ED remains uncertain. Studies have 

investigated StO2 for sepsis diagnosis [9,10], severity/mortality [11-13], and to 

predict need for intensive care admission [14,15]. 

New onset organ dysfunction is the hallmark of sepsis, and is central to 

the recently revised consensus definition [1]. In practice, this is diagnosed by an 

increase in the Sequential Organ Failure Assessment (SOFA) score for 2 or more 

points from baseline. In addition, a bedside assessment, the ‘quick SOFA’ (qSOFA) 

score, which allocates one point for each of systolic blood pressure (SBP) 

<100mmHg, respiratory rate (RR) ≥22/minute, and altered mentation, has been 

promoted to identify higher risk of poor outcome. 
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The aim of the present study was to investigate the utility of StO2 

measurements for sepsis diagnosis, and the predictive value of StO2 for clinical 

outcomes among a cohort of ED patients admitted to hospital with infection. 
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METHODS 

Design and Setting 

This was a multicentre, observational study of patients with suspected 

infection presenting to three Australian EDs during the following continuous, 

overlapping periods: November 2012 to November 2015; April 2013-April 2016; 

September 2015-June 2016. The study was registered prospectively with the 

Australian and New Zealand Clinical Trials Registry (ACTRN12612001229864). 

Participants 

Inclusion criteria were based upon the 2001 international consensus 

definition for sepsis in place at the time of commencement of recruitment [16]. 

This required presence of ≥2 systemic inflammatory response (SIRS) criteria 

(temperature >38oC or <36oC; pulse rate 90 beats/minute; respirations >20 

breaths/minute; white blood cell count >12x109/L or <4x109/L) in the setting of 

suspected or proven infection. Patients in whom the treatment plan included 

administration of intravenous antibiotics and admission to hospital were assessed 

for eligibility during rostered research personnel hours. Exclusions were age <18 

years, administration of intravenous antibiotics prior to presentation (i.e. inter-

hospital transfers), expected mortality due to another cause (e.g. malignancy) 

within 90 days, or pre-existing limitation of care order or other comorbidity 

precluding invasive organ support. 

Ethics and consent 

The South Metropolitan Health Service Human Research Ethics Committee 

approved the study. Written informed consent was obtained from participants or 

from next-of kin. Because of the low-risk and observational nature of the research, 

and the need to obtain study measurements in a timely manner, approval was 
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granted for enrolment under a waiver of consent to obtain initial data when 

necessary, with full written informed consent being obtained subsequently. 

Study procedures and measurements 

Data collection at baseline included demographics, vital signs, Charlson 

comorbidity score [17], blood results including blood gas (venous or arterial), 

interventions performed and Sequential Organ Failure Assessment (SOFA) score. 

Trained research nurses obtained StO2 measurements at the thenar eminence 

using the Inspectra Spotcheck 300 NIRS device, (Hutchinson Technologies Inc, 

Hutchinson, MN, USA), according to a defined protocol. A vascular occlusion test 

(VOT) was not employed. StO2 readings were recorded separately to clinical data 

and not disclosed to the treating staff. A single StO2 reading was taken at 

enrolment (T0) and repeated 3 hours later (T3). Patients were followed up to day 

28, with SOFA scores being recorded daily until day 3 (72h from admission) unless 

discharged from hospital earlier. Patients discharged directly from the ED after 

enrolment, were transferred from ED to another hospital or self-discharged before 

completion of care in the study were excluded due to the inability to follow for the 

primary outcome.  

Outcome measures and sample size calculation 

The primary outcome was sepsis, as defined as a SOFA score increase of 2 

or more points within 72 hours from admission. This was adopted in the updated 

definitions published in 2016 [1]. We therefore made a minor modification to 

emphasise an increase from baseline SOFA score, to harmonise with the 

contemporary definition. This change was registered on 8/11/2016, after 

completion of recruitment but prior to un-blinding and analysis. Baseline SOFA 

elements requiring a laboratory result (bilirubin, platelet count, creatinine) were 

defined as the lowest pre morbid or convalescent result. Where this was 
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unavailable, baseline was assumed to be zero for that SOFA domain. Septic shock 

was defined as a requirement for vasopressors and a serum lactate of ≥2mmol/L, 

or persistent hypotension and elevated lactate in those participants in whom a 

determination was made to limit care to ward level only. Secondary outcomes 

were 28 day in-hospital mortality and requirement for ICU admission >72 hours 

duration. Outcomes were physician-adjudicated, without knowledge of the StO2 

result. 

Sample size was based upon a clinically meaningful odds ratio of 1.6 for the 

primary outcome for a dichotomized abnormal StO2 reading of <75% [13], 

assuming an incidence rate of sepsis of 25% in the study population. A sample of 

300 patients has 0.9 power to detect this with α=0.05. 

Statistical analysis 

Mean ± Standard Deviation (SD) values for StO2 were compared between 

the outcomes of interest using t-tests. The predictive utility of StO2 was determined 

by area under receiver operating characteristic curves (ROC AUC). Multivariate 

logistic regression, with covariates including age, respiratory rate (RR), systolic 

blood pressure (SBP), Glasgow Coma Score (GCS), serum lactate and Charlson 

score was employed using a backward-stepwise method to provide adjusted 

estimates of association between StO2 and outcomes. Analyses were conducted 

using the StO2 at each time point, the mean of the two values, and the difference 

between the T0 and T3 readings [13]. The primary analysis was on an intention to 

treat basis, with a pre-planned sensitivity analysis ‘per-protocol’ excluding any 

cases whose subsequent clinical course/diagnosis was not considered to be sepsis. 

Analyses were performed using Stata v13 (StataCorp, College Station, TX, USA). 
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RESULTS 

The study enrolled 342 participants of whom 323 were included in the 

primary analysis (Figure 1). Of these 143 (44%) met the primary outcome of sepsis 

(44 met criteria for septic shock), and 22 (7%) died within 28 days. Table 1 details 

the baseline characteristics of the study cohort. Three quarters of cases were 

accounted for by infections of the respiratory tract, urinary tract and skin/soft-

tissues, and 79 (24%) had positive blood cultures (Supplementary Table S1). 

StO2 measurements 

Two StO2 readings were recorded in 317 participants, 5 had only a T0 and 1 

had only a T3 reading. The median time from ED presentation to T0 was 55 (IQR 

18, 106) minutes, and between T0 and T3 was 180 (174, 190) minutes. At T0, 

mean StO2 was 72±10% in sepsis, and 77±9% in the non-sepsis group – mean 

difference 5% (95% CI 2-7%), p<0.0001. At T3, mean StO2 was 75±9% in sepsis 

and 79±8% in the non-sepsis group – mean difference 4% (95% CI 2-6%), 

p=0.0001. StO2 did not differ between septic shock and the non-shock sepsis group 

at either time point. There was an overall mean increase in StO2 between T0 and 

T3 (ΔStO2) of 2±10%, but this did not differ between non-sepsis, sepsis, septic 

shock or composite outcome (i.e. mortality/ICU admission >72hours) groups. 

Henceforth, the average of the two StO2 values for each participant (T0 and T3) 

will be reported. For sepsis, this was 74±8% compared to 78±7% in non-sepsis, 

p<0.0001. For the composite outcome, mean StO2 was 72±9% compared to 77±8% 

for those not meeting the outcome, p=0.0001. (Figure 2) 

StO2 at T0 correlated with peak SOFA score (Spearman’s Rho -0.27, 

p<0.0001), (supplementary Figure S1), but there was no relationship between 

ΔStO2 (change from T0 to T3) (supplementary Figure S2). StO2 also correlated with 

the Mortality in ED Sepsis (MEDS) score (-0.28, p<0.0001). Despite differences in 
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StO2 between the outcome groups, there was substantial overlap such that the ROC 

AUC for sepsis was 0.66 (95% CI 0.60-0.72) and for the composite outcome 0.66 

(0.58-0.75). Subgroup analyses based upon source of infection (respiratory, 

urinary tract, non-urinary tract, and those with positive blood cultures) did not 

yield substantially different results from the overall analysis (supplementary Table 

S1). 

Table 2 shows the univariate association of several predictor variables 

with outcome. In logistic regression analysis, StO2 <75% was associated with sepsis 

after adjustment for lactate, SBP, RR, GCS, and CCS (Odds Ratio (OR) 2.27, 95% CI 

1.23-4.17, p=0.009). For composite mortality/ICU admission >72 hours StO2 <75% 

had OR 2.29 (1.07-4.88), p=0.031, after adjusting for lactate, RR, SBP and GCS as 

covariates. Lactate was not measured in 44 cases, which were excluded from this 

analysis. Significant associations with outcomes were also observed with the 

variables SBP, GCS and RR, which comprise the ‘qSOFA’ severity prediction 

instrument developed as part of the Sepsis 3 definition [1]. We therefore 

undertook a post-hoc analysis to incorporate qSOFA in the model. The distribution 

of StO2 values by qSOFA score is shown in supplementary figure S3. We also 

included lactate ≥2mmol/L, since this was also found in Sepsis-3 to confer 

mortality risk. The results show StO2<75% is associated with in-hospital 

mortality/ICU admission >72 hours, independent of both qSOFA and lactate (table 

3). The ROC AUC for this model was 0.77 compared to 0.68 for qSOFA alone.  

In a pre-planned subgroup analysis, we assessed the utility for StO2 to 

predict subsequent deterioration in SOFA score following admission. Of 173 cases 

with SOFA score <1 on presentation, this increased by at least one point within the 

subsequent 72 hours in 16 cases. ROC AUC for this outcome was 0.73 (0.66-0.79), 

with sensitivity 0.37 and specificity 0.76 respectively at the cut point of StO2<75%. 
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Finally, we also examined the utility of a StO2 >89% OR <75%. For sepsis, 

this had a ROC AUC of 0.63 (0.57-0.68), and for the composite outcome 0.58 (0.52-

0.63). 

Sensitivity analyses were undertaken firstly excluding four cases in which 

the subsequent diagnosis was found clearly not to be due to infection (of whom 

one died). These cases were stroke, myocardial infarction with papillary muscle 

rupture, severe chronic anaemia, and rhabdomyolysis secondary to drug overdose. 

Secondly, to assess for any confounding effect of delayed enrolment (for example 

the effect of early treatment on StO2 results) we also restricted the analysis to 

patients where T0 occurred within 180 minutes of arrival (n=234). Neither of 

these sensitivity analyses yielded substantially different results. 
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DISCUSSION 

Near infrared spectroscopy derived StO2 measured in the ED is associated 

with organ dysfunction and diagnosis of sepsis, and with outcome in patients 

admitted to hospital with suspected infection. However, the predictive utility is 

insufficient for it to be used in isolation for this purpose. In logistic regression 

analysis, a low StO2 <75% is an independent risk factor for mortality and/or 

prolonged ICU admission. The finding that StO2 in conjunction with an elevated 

lactate and qSOFA score predicts outcome is hypothesis generating, and requires 

independent prospective validation. 

Strengths of the study include multicentre recruitment, pragmatic 

enrolment criteria, blinding of StO2 results, and pre-specified outcome measures 

corresponding to contemporary clinical definitions of sepsis. Limitations include 

restriction of recruitment to research personnel hours resulting in convenience 

sampling, variation in timing of enrolment in relation to ED presentation, and 

enrolment of some participants in whom sepsis was subsequently excluded. 

However sensitivity analysis determined these factors did not influence the overall 

results. 

Previous investigators have examined the role of StO2 in the setting of 

sepsis in the ED.  NIRS may be employed to record StO2 as a single measure, as in 

our study, or the dynamic response to a vascular occlusion test [18]. Shapiro et	al 

undertook dynamic NIRS assessment among a cohort of patients with suspected 

sepsis [11]. They found associations between low StO2 and organ failure/shock, 

with an impaired StO2 recovery slope after VOT being predictive of outcome. 

However dynamic StO2 testing has practical limitations in the ED context, and is 

more suited to continuous monitoring in the theatre or ICU setting. This has led to 
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the development of small handheld devices designed to undertake measurement at 

a single time point, without a VOT. In a small, single centre study Vorwerk and 

Coates found that persistent low StO2 (<75%) following resuscitation in septic 

shock was predictive of mortality [13]. Leichtle et	al found an association between 

low StO2 and need for ICU admission among inpatients assessed for possible sepsis, 

but with limited predictive utility [14]. Goerlich et	al found that an abnormal StO2 

measured at ED triage was predictive of sepsis diagnosis in combination with 

temperature, heart rate and respiratory rate among undifferentiated non-trauma 

presentations [10]. In contrast, Goulet et	al found no difference in StO2, measured 

at triage among patients presenting to ED, who had a final diagnosis of sepsis 

compared to those who did not [12]. Finally, in a study conducted in an acute 

cancer centre, Bazerbashi et	al found that an abnormally low StO2 was predictive of 

need for ICU admission [15]. 

 

 It is important to recognize the patient at risk of developing organ failure 

among those presenting with features of infection. Alterations of microcirculation 

are an important component of the pathogenesis of sepsis. However, the 

assessment of microcirculatory dysfunction in the clinical setting is difficult. NIRS 

offers a potential solution in being a bedside test that is non-invasive and easily 

repeatable. Both abnormally low StO2 (<75%) and a high level (>89%) have been 

suggested as being associated with sepsis [10]. Our results are broadly consistent 

with previous work, which support an association between abnormal StO2 and 

organ failure/outcome in sepsis. However, the ability of StO2 to discriminate 

between clinical outcome groups of interest is limited, and NIRS cannot be 

recommended in isolation for this purpose, based upon our findings. 
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 Our study focused only on single StO2 measurements without dynamic 

testing [4]. We also cannot make inferences about the utility of other perfusion or 

microcirculatory assessment tools [18].  We focused on StO2 for patient 

classification and outcome prediction, however the potential for StO2 as a 

resuscitation target in sepsis remains a possible future avenue for research. 

However in a small pilot study in ICU patients found no difference in mortality 

with a resuscitation target of StO2≥80% [19]. Finally, although StO2 has limited 

clinical utility as a stand-alone test, its incorporation into a risk score along with 

other commonly assessed predictor variables could be considered in a future 

study. 

 

CONCLUSION 

 NIRS derived StO2 is associated with sepsis diagnosis, organ failure and 

outcome among patients admitted to hospital from the ED with infection. However 

it has limited predictive utility to discriminate between clinical outcome groups of 

interest, and cannot be recommended for this purpose. 
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FIGURES 

 

Figure 1.Participant enrolment flow chart. 
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Figure 2. Boxplots of StO2 (average of two measurements at T0 and T3) 

distribution between participants meeting criteria for with sepsis compared to 

those who did not (A), and those who died in hospital or required ICU admission 

≥72 hours compared to those who did not (B). 
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TABLES 

Non-Sepsis 

N=180 

Sepsis 

N=143 

All 

N=323 

Age (years) 61 (44,75) 68 (52,81) 64 (47,77) 

Sex M/F 92/88 86/57 178/145 

Temp (OC)  38.4±0.9 38.2±1.4 38.3±1.2 

HR (beats/min) 108±18 109±23 108±20 

RR (breaths/min) 24±6 27±9 25±7 

SBP (mmHg) 138±29 122±31 132±31 

GCS  15 (15,15) 15 (14,15) 15 (15,15) 

MEDS Score  5 (3,5) 8 (6,11) 6 (5,8) 

Charlson Score  1 (0,3) 2 (1,4) 2 (1,3) 

Fluid volume in ED 

(ml)  

1950  

(1000,2000) 

2000  

(1500, 3000) 

2000 

(1000,3000) 

Lactate (mmol/L) 1.8±0.8 2.7±2.1 2.2±1.6 

SOFA score ED  1 (0,1) 4 (2,6) 1 (1,3) 

Peak SOFA score  1 (0,1) 4 (3,6) 2 (1,4) 

ΔSOFA score  0 (0,1) 3 (2,5) 1 (0,3) 

Died 28 days 3 19 22 

Table 1. Baseline participant characteristics. Temp - temperature; HR - heart rate, 

RR - respiratory rate; SBP – systolic blood pressure; GCS – Glasgow coma scale; 

MEDS – Mortality in Emergency Department Sepsis; SOFA – sequential organ 

failure assessment; ΔSOFA score – change from baseline. Data are mean±SD or 

median (IQR) as indicated. 
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VARIABLE SEPSIS Mortality/ICU admission >72h 

OR (95% CI) AUC (95% CI) P Value OR AUC (95% CI) P Value 

Age > 65 years 1.90 (1.22-2.97) 0.58 (0.52-0.63) 0.005 0.69 (0.37-1.26) 0.45 (0.40-0.51) 0.23 

Charlson Score 1.16 (1.04-1.31) 0.60 (0.55-0.66) 0.008 1.08 (0.93-1.25) 0.53 (0.48-0.59) 0.31 

Temp (OC) 0.89 (0.73-1.07) 0.48 (0.42-0.53) 0.21 0.72 (0.56-0.92) 0.62 (0.57-0.67) 0.008 

HR (beats/min) 1.004 (0.99-1.01) 0.54 (0.48-0.59) 0.50 1.00 (0.98-1.01) 0.48 (0.43-0.54) 0.65 

RR 

(breaths/min) 

1.06 (1.03-1.10) 0.62 (0.56-0.67) 0.001 1.09 (1.05-1.13) 0.67 (0.62-0.72) 0.001 

SBP (mmHg) 0.98 (0.97-0.99) 0.66 (0.61-0.71) 0.001 0.97 (0.96-0.98) 0.70 (0.65-0.75) 0.001 

GCS <15 9.56 (4.32-21.12) 0.63 (0.59-0.67) 0.001 2.73 (1.36-5.49) 0.58 (0.53-0.64) 0.005 

Lactate 

(mmol/L) 

1.73 (1.36-2.21) 0.65 (0.59-0.70) 0.001 2.03 (1.58-2.62) 0.76 (0.71-0.81) 0.001 

StO2<75% 2.79 (1.75-4.46) 0.62 (0.56-0.67) 0.001 2.67 (1.45-4.94) 0.62 (0.56-0.67) 0.002 

Table 2. Univariate analyses for diagnosis of sepsis and for composite in hospital mortality/ICU admission >72 hours. OR – odds ratio; AUC – area 

under receiver operating characteristic curve; Temp – temperature; HR – heart rate; RR – respiratory rate; SBP – systolic blood pressure; GCS – 

Glasgow Coma Score; StO2 – mean of StO2 measurements at T0 and T3. 
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IN -HOSPITAL MORTALITY/ICU ADMISSION >72H (n=279*) 

COVARIATE OR (95% CI) P Value 

StO2<75% (0/1) 2.13  (1.09-4.48) 0.028 

qSOFA (0-3) 2.28 (1.44-3.61) <0.0001 

Lactate ≥2mmol/L (0/1) 4.09 (2.00-8.36) <0.0001 

Hosmer-Lemeshow	p	value	0.93,	Pseudo	R2	0.16	

Table 3. Logistic regression model for in-hospital mortality/ICU admission >72 hours 

incorporating qSOFA score (one point for each of respiratory rate ≥22/minute, systolic 

blood pressure <100mmHg, and GCS<15), serum lactate ≥2mmol/L, and StO2<75%) 

*Excludes 44 cases with no lactate result.
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CHAPTER 6 

SUSTAINED ELEVATION OF RESISTIN, NGAL AND IL-8 

ARE ASSOCIATED WITH SEVERE SEPSIS/SEPTIC SHOCK 

IN THE EMERGENCY DEPARTMENT 

Macdonald SPJ, Stone SF, Neil CL, van Eeden PE, Fatovich DM, 

Arendts G, Brown SGA  

Sustained elevation of Resistin, NGAL and Il-8 are associated 

with severe sepsis/septic shock in the Emergency Department.	

PLoSONE 2014;10(9):e110678 
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Summary 

In this chapter we move from the bedside to the laboratory. The aim of this 

study was to identify novel biomarkers that would distinguish patients with 

severe sepsis (using the sepsis-2 definition) from those with uncomplicated 

infection. The hypothesis was that recruiting patients early in their clinical 

course (i.e. in the ED) would identify novel signatures that may not be evident in 

studies that recruited patients later in their hospital stay. Many potential 

biomarkers are expressed only transiently during the dynamic early phase of 

sepsis. By examining expression at multiple time points, we could explore 

markers that discriminate between groups regardless of the course of illness, 

increasing potential clinical utility. 

Using a selected sample of patients with sepsis from the CISS database, a 

quantitative polymerase chain reaction (qPCR) technique was used to identify 

genes upregulated in peripheral blood leucocytes. The protein products of these 

genes in serially collected serum samples were then measured. These were 

compared between clinical phenotypes of interest. Three molecules were 

identified which distinguished between severe sepsis and uncomplicated 

infection up to 24h from admission. In the subsequent chapter two of these 

molecules are further evaluated in a validation dataset.  
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CHAPTER 7 

RESISTIN AND NGAL ARE ASSOCIATED WITH 

INFLAMMATORY RESPONSE, ENDOTHELIAL 

ACTIVATION AND CLINICAL OUTCOMES IN SEPSIS 

Macdonald SPJ, Bosio E, Neil CL, Arendts G, Burrows S, Smart L,  

Brown SGA, Fatovich DM  

Resistin and NGAL are associated with inflammatory response, 

endothelial activation and clinical outcome in sepsis. 

	Inflammation	Res 2017;66:611-619 
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Summary 

This paper aimed to further explore the findings described in the previous 

chapter. Resistin has been little studied in sepsis, however it has been the 

subject of some enquiry into a potential role it may play in mediating the 

vascular complications of diabetes. For example, studies have found Resistin 

interacts with endothelial cells and may play a role in the pathogenesis of 

atherosclerosis. NGAL, although first identified within neutrophils, is expressed 

by a wide variety of cell types, and has been most extensively studied as a 

biomarker of renal injury. 

We therefore hypothesized that Resistin and NGAL act in sepsis as mediators of 

inflammation, and specifically play a role in leucocyte-endothelial cell signaling. 

To further investigate this we investigated relationships between biomarkers of 

Resistin and NGAL and two cytokines (IL-6 and IL-10), and soluble endothelial 

adhesion molecules as indicators of endothelial cell activation. Further 

exploration of these pathophysiologic mechanisms could potentially support 

investigation of the role of these molecules as clinically useful biomarkers and 

new therapeutic avenues. 
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CHAPTER 8 

RESTRICTED FLUID RESUSCITATION IN SEPSIS-

ASSOCIATED HYPOTENSION

Macdonald SPJ, Taylor DMcD, Keijzers G, Arendts G, Fatovich DM, on 

behalf of the REFRESH Investigators.  

REstricted Fluid Resuscitation in Sepsis-associated Hypotension 

(REFRESH): study protocol for a pilot randomised controlled 

trial 

Trials	2017;18:399	
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Summary 

There is accumulating evidence of harm associated with excessive use of 

intravenous fluids in sepsis resuscitation. Clinically identifying patients who 

require fluid resuscitation, and judging the correct amount to give, is difficult. 

From a mechanistic point of view, there is evidence that fluid may exacerbate 

systemic inflammation through effects on the endothelial glycocalyx with 

consequent activation of endothelial cells. 

This chapter links the preceding observational laboratory studies with an 

important clinical problem, closing the translational gap between bench and 

bedside. 

The REFRESH trial is the first randomised clinical trial in the setting of an 

industrialised country to study the effects of fluid volume during the early phase 

of sepsis resuscitation in the ED. As a phase II multicentre pilot study REFRESH, 

which at the time of submission has recruited half of its planned 100 

participants, will examine the effects of fluid volume on key inflammatory 

pathways, as well as provide clinical feasibility data in support of a large 

randomised clinical trial to assess effects on patient outcomes. 

As REFRESH Chief Investigator I have assembled a national team of experts 

from emergency medicine, intensive care, and related disciplines. I drafted this 

protocol formulated on the basis of collective discussions among the trial 

steering committee, which I chair, and who are listed as co-authors. 
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CHAPTER 9 

GENERAL DISCUSSION 
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OVERVIEW 

Each of the published papers included in this thesis contains a discussion 

section, including interpretation of the findings within the context of the 

available literature at the time of publication. In this final chapter I aim to avoid 

repetition, but instead provide an overview from the perspective of the current 

state of knowledge in 2017. To place this within the clinical context this 

discussion will be prefaced with three clinical vignettes of actual cases 

encountered in the course of my research. Each of these highlights particular 

aspects of assessment and management across the spectrum of sepsis in the ED. 

Case 1 

A	 23	 year-old	 male	 student	 presented	 to	 ED	 with	 a	 three-day	 history	 of	 sore	

throat,	 fever	and	cough.	 Initial	observations	were	temperature	38.9OC,	pulse	138	

beats/minute,	 blood	 pressure	 96/65mmHg,	 respirations	 20	 breaths/minute	 and	

Glasgow	Coma	Scale	(GCS)	of	15.	Investigations	revealed	normal	blood	chemistry	

including	 liver	 function	 tests,	 a	 white	 blood	 cell	 count	 (WCC)	 of	 4.4x109/L,	 C-

reactive	protein	(CRP)	of	150mg/L	and	venous	lactate	of	1.9mmol/L.	A	chest	x	ray	

was	 normal.	 A	 presumptive	 diagnosis	 of	 viral	 illness	 was	 made	 and	 he	 was	

referred	 to	 the	medical	 team	 for	 admission.	 On	 review	 by	 the	medical	 registrar	

three	hours	 later	he	reported	headache	and	photophobia	and	was	found	to	have	

neck	 stiffness.	 He	 was	 immediately	 administered	 intravenous	 ceftriaxone	 and	

dexamethasone	 and	 a	 Computed	 Tomography	 (CT)	 scan	 of	 his	 brain	 was	

organized	 in	 anticipation	 of	 proceeding	 to	 a	 lumbar	 puncture.	While	 in	 the	 CT	

scanner	he	became	drowsy	and	hypotensive	and	developed	a	generalized	rash.	He	

immediately	 returned	 to	 ED	 and	 was	 given	 large	 volume	 of	 intravenous	

crystalloid,	commenced	on	vasopressors	and	admitted	to	ICU.	He	was	subsequently	

intubated	 for	 respiratory	 failure	 and	 developed	 features	 of	 disseminated	

intravascular	coagulation.	Blood	culture	was	positive	for	Neisseria meningitidis.	

He	stabilized,	was	extubated	on	day	3,	and	discharged	from	hospital	on	day	5	after	

having	completed	a	course	of	intravenous	ceftriaxone. 
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Case 2 

A	 64	 year-old	 male	 was	 brought	 to	 ED	 with	 a	 two-day	 history	 of	 fever,	 rigors,	

shortness	 of	 breath	 and	 confusion.	 Initial	 observations	 were	 temperature	 of	

36.7OC,	 pulse	 110	 beats/minute,	 blood	 pressure	 105/75mmHg,	 respirations	 30	

breaths/minute.	 He	 was	 noted	 to	 have	 mottled	 skin	 and	 peripheral	 SpO2	 were	

unrecordable.	 He	 was	 agitated	 and	 combative	 necessitating	 intubation.	 Initial	

investigations	 of	 significance	 were	 WCC	 2.1x109/L,	 platelet	 count	 32x109/L,	

creatinine	 368μmol/L,	 bilirubin	 64mg/dL	 and	 lactate	 6.7mmol/L.	 He	 was	

administered	 1500ml	 of	 intravenous	 fluid,	 broad-spectrum	 antibiotics	 and	

commenced	on	noradrenaline	for	hypotension.	A	bedside	ultrasound	scan	revealed	

an	abdominal	aortic	aneurysm	necessitating	a	CT	scan	to	exclude	a	vascular	cause	

for	 the	 presentation.	 Substantial	 further	 volume	 expansion	 was	 provided	 with	

crystalloid	 and	 albumin	 but	 despite	 this	 he	 has	 a	 progressive	 increasing	

vasopressor	 requirement	 over	 the	 next	 few	 hours	 and	 was	 also	 commenced	 on	

dobutamine.	 Despite	 these	 resuscitative	 measures,	 his	 lactate	 continued	 to	 rise,	

and	he	developed	worsening	coagulopathy	for	which	he	received	plasma.	He	died	

of	 refractory	 shock	 within	 12	 hours	 of	 admission.	 Subsequently	 Streptococcus 

Pneumoniae	was	isolated	from	blood	cultures	obtained	on	admission.	

Case 3 

An	 82	 year	 old	male	 nursing	 home	 resident	 presented	 by	 ambulance	 at	 having	

been	found	unresponsive.	SpO2	was	also	noted	to	be	low.	His	past	medical	history	

included	 prostate	 carcinoma	 with	 spinal	 metastases	 and	 hepatitis	 B.	 Initial	

observations	 were	 temperature	 36.7OC,	 pulse	 130	 beats/minute	 and	 irregular,	

blood	 pressure	 80/50mmHg,	 respirations	 24	 breaths/minute,	 and	 GCS	 7.	

Investigations	 included	 lactate	 4.5mmol/L,	 WCC	 10.9x109/L,	 platelet	 count	

324x109/L,	 CRP	 140mg/dL,	 and	 creatinine	 151μmol/L.	 He	 received	 intravenous	

fluid	resuscitation	and	broad-spectrum	antibiotics	for	a	presumptive	urinary	tract	

source	of	infection	within	1	hour	of	presentation.		A	CT	scan	of	his	brain	showed	no	

acute	pathology.	On	basis	of	comorbidities	ceiling	of	care	discussed	with	his	family	

and	admitted	 to	 general	ward.	His	 conscious	 state	 continued	 to	 deteriorate	 and	
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next	 day	 placed	 on	 care	 of	 dying	 patient	 pathway.	 Died	 in	 hospital	 on	 day	 8	 of	

admission.	E. Coli	was	isolated	from	a	urine	culture	of	a	specimen	obtained	in	ED.			

The first of these cases highlights the sometimes non-specific presentation and 

rapid progression of life threatening sepsis, with invasive meningococcal 

disease being the archetype of this scenario. The second case demonstrates 

sepsis presenting at a late stage with established septic shock (but with normal 

temperature and blood pressure), necessitating consideration of differential 

diagnoses in this critically unwell patient. In this instance, despite guideline-

recommended resuscitation including early appropriate antibiotics, large 

volume fluid resuscitation, intubation, vasopressors, inotropes and steroids the 

patient had a rapidly progressive deterioration and died of resistant shock. The 

third case again illustrates the non-specific nature of sepsis presenting as 

altered consciousness in an elderly patient with significant life-limiting 

comorbidity, where recognition of sepsis as a complication of the underlying 

illness led to a compassionate discussion about appropriate goals of care. 

Statement of principal findings 

A substantial proportion of sepsis research is undertaken in the ICU. Although 

such patients are clinically well defined, this is counterbalanced by the 

confounding effects of time, interventions performed prior to recruitment, and 

the fact that only a minority of patients presenting to hospital with sepsis are 

actually admitted to the ICU17. Research to inform practice in the ED therefore 

requires research to be conducted in this setting. Sepsis in the ED remains 

incompletely understood, from both an epidemiologic and a clinical perspective. 

With sepsis increasingly being a disease of the elderly and frail, for whom ICU 

admission is often not deemed to be of benefit, it is vital to also study the 

disease in this setting to obtain a holistic understanding of the syndrome in its 

untreated, ‘raw’ state, and across the spectrum of the affected population. 

My investigations have led me to four main conclusions, reflecting the related 

streams of research reported in this thesis. 
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1. That clinical outcome in sepsis in the ED is related not only to the degree

of organ dysfunction, but also such factors as age and comorbidity. This

is evidenced by the superiority of the PIRO score over the SOFA score for

predicting mortality, with respective ROC AUC 0.86 (95% CI 0.80-0.92)

and 0.78 (95% CI 0.71-0.87), p=0.01.

2. That a non-invasive assessment of tissue oxygen saturation (StO2) in the

ED provides limited utility for the detection of sepsis among patients

admitted to hospital with infection. While there is an association

between lower StO2 and organ dysfunction/adverse outcome, this

confers little additional utility to standard clinical evaluation and

measurement of serum lactate.	Hence it cannot be recommended for

clinical use.

3. There is further evidence of a role for the novel adipokine Resistin being

associated with illness severity and outcome in sepsis, as well as being

associated with biomarkers of endothelial cell activation. Based upon

this, work is ongoing in the laboratory to further elucidate the cell

signaling mechanisms for Resistin on endothelial cells.

4. There is equipoise regarding the use of large volume fluid resuscitation

in sepsis, previously considered a cornerstone of early management. I

have assembled a national team of experts, and have designed the first

multicentre randomised trial in adults in the ED setting to begin to

address this important research question. At the time of submission we

have achieved over 70% of the pilot phase recruitment target.

Findings in relation to other studies 

Evolving	sepsis	definitions	

Sepsis is a clinical syndrome with no tissue diagnostic or reliable serological 

test. During the period in which the work reported in this thesis was 

undertaken substantial changes in the definition occurred with the publication 

in 2016 of Sepsis-31. Reserving the term ‘Sepsis’ to describe acute organ 

dysfunction associated with infection represents an important advance. Of the 

patients treated in the ED with infection, those with sepsis are a minority, yet 
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these have increased morbidity and mortality compared to those with 

uncomplicated infection, and need to be the major focus of our clinical and 

research efforts.  

Despite removal of SIRS from the sepsis definition, this remains a clinically 

useful tool. In a large Australian study of patients admitted from the ED with 

infection, the presence of SIRS was associated with increased risk of sepsis53. 

This study also found that SIRS conferred an increased mortality risk among 

patients with infection even in the absence of organ dysfunction. However it is 

important to recognize that sepsis may be present in the absence of SIRS. The 

elderly in particular may not manifest typical features due to 

immunosenescence, yet those aged >60 years comprise the majority of sepsis 

cases277. Attention to predisposing risk factors for sepsis such as recent 

hospitalization, invasive medical procedures and immunosuppression remains 

an important element of early sepsis recognition. This is a component of the ED 

Sepsis pathways produced by the New South Wales Clinical Excellence 

Commission278. 

Sepsis-3 has made the presence of infection-induced organ dysfunction (defined 

using the SOFA score) the sole criterion for diagnosis. The SOFA score, however, 

dates from 1996, includes reference to rarely used drugs such as dopamine and 

dobutamine, and requires recalibration53.  Because the SOFA score is rarely 

used outside the ICU the Sepsis-3 authors identified 3 variables – respiratory 

rate ≥22/min, systolic blood pressure <100mmHg and altered mentation - with 

the presence of 2 of these 3 variables conferring a 10% in-hospital mortality 

risk8. This ‘qSOFA’ score was suggested as a ‘screening test’ for sepsis at the 

bedside in the ED or ward. Importantly its predictive value was not specifically 

assessed in ED patients, and sensitivity for detecting adverse outcomes outside 

the ICU has been found to be limited51,53-55. Thus, qSOFA cannot be 

recommended for this purpose. Rather, it should be considered a severity 

assessment to identify those with infection at higher risk of adverse outcome, 

and to prompt rapid evaluation and treatment56.  
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The revised sepsis definitions have potential to impact on clinical trials, in 

particular comparing populations recruited according to differing criteria over 

time. For example, in a recently reported retrospective analysis of the ARISE 

trial, while 85% met the Sepsis-3 criteria, 70% of patients had a qSOFA score of 

≥2 at baseline, and a only minority met Sepsis-3 criteria for septic shock279. 

The Sepsis-3 definition for septic shock represents contemporary 

understanding of the metabolic and microcirculatory derangements 

underpinning this condition, and focuses the attention of the clinician on more 

subtle clinical manifestations of hypoperfusion and away from arbitrary blood 

pressure thresholds. The practical requirement for vasopressors as part of the 

definition however does not account for the fact that many patients in the ED 

with this clinical phenotype have significant frailty and comorbidity and are not 

suitable for ICU admission, generally a requirement for vasopressor treatment. 

As acknowledged by the 2016 task force, Sepsis-3 is unlikely to be the final 

iteration, and definitions will continue to evolve along with our understanding 

of epidemiology and pathophysiology, and diagnostic advances. 

Identification	and	Risk	Stratification	of	Sepsis	

Onset of sepsis is insidious, and can be subtle. Recognising the patient with early 

sepsis is challenging in the dynamic setting of a busy ED. Sepsis is a 

heterogeneous condition, and in some respects confounds classification as a 

single diagnostic entity, much like the term ‘cancer’ is inadequate to describe 

neoplastic disorders affecting almost any tissue and organ system. This has been 

suggested as one reason why clinical trials in sepsis have been generally 

unsuccessful280. Borrowing from the concept of a ‘staging’ system from cancer 

medicine, the Predisposition Insult Response Organ failure system was 

developed73 and subsequently modified by Howell and colleagues for use in the 

ED74. For predicting mortality, I have demonstrated similar predictive 

performance to the Mortality in Emergency Department Sepsis (MEDS) score63. 

However the MEDS score places a large weighting on a subjective assessment of 

short-term mortality by the treating doctor, potentially introducing bias. In 

contrast, the PIRO score is complex and not readily calculated at the bedside. 
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Both these scoring systems outperformed the Sequential Organ Failure 

Assessment (SOFA) score41, emphasizing the important of age and comorbidity 

in sepsis mortality. Of note, the MEDS score performed worse among the subset 

admitted to ICU compared to the ED cohort, while PIRO performed consistently 

well across both settings. 

Near-infrared	spectroscopy	

Given associations between microcirculatory dysfunction and organ failure in 

sepsis14,281, the hypothesis that StO2 measurement may provide a clinically 

feasible surrogate measure of this in the ED is attractive. The findings of an 

association between low StO2 and organ dysfunction support this, and are 

similar to findings of other investigators109,124. However clinical utility depends 

upon achieving adequate discrimination between patient groups of interest. 

Despite early promise114, studies published more recently suggest that the 

ability to distinguish sepsis from uncomplicated infection or to predict outcome 

is limited117-120. Although the ARISTOS study was a convenience sample, the 

cohort is representative of patients presenting to the ED with infection, with 

similar distribution of sepsis sources and outcomes as other ED studies. The 

decision to evaluate serial SOFA scores for the primary outcome was made prior 

to the publication of Sepsis-3. However this was fortuitous since it enabled 

classification of patients within the current definition, strengthening the 

external validity of the results. On the basis of the findings, and consistent with 

other recently published studies, StO2 cannot be recommended to distinguish 

sepsis from uncomplicated infection, or to predict adverse outcome, among 

patients admitted to hospital with infection from the ED. 

Sepsis	Biomarkers	

There are a large number of studies evaluating biomarkers representing various 

pathophysiologic pathways as possible tools for diagnosis and risk stratification 

in sepsis. However only a handful of these have reached the point of clinical 

availability. One explanation is that time from onset of illness is variable and 

often poorly defined.  Expression of any particular biomarker is likely to vary 

substantially over time within the dynamic course of sepsis, as well as 



 125 

  

potentially be confounded by therapeutic interventions if patients are recruited 

later in their hospital stay. To be clinically useful a biomarker should 

differentiate between patient subgroups of interest regardless of the stage of 

illness. With our approach, patients with early clinical features of critical illness 

were recruited in the ED, underwent serial blood sampling over the subsequent 

24 hours, and were followed throughout their clinical course276. These were 

then subsequently classified systematically (prior to any analysis of their blood 

samples) according to whether their presentation was due to infection, and then 

sub-classified into sepsis subgroups. While there is a risk of bias, this approach 

is the only practical means of enrolling critically ill sepsis patients at a very 

early stage of assessment in the ED, often when the differential diagnosis is 

broad and investigations to confirm or refute a diagnosis of infection have not 

yet been completed.  

We identified genes upregulated in circulating leucocytes of patients with 

sepsis. We then measured the protein products of these genes at each of four 

time points and identified Resistin, NGAL and IL-8 as significantly elevated in 

severe sepsis/septic shock as compared to uncomplicated sepsis and healthy 

controls at each time point. NGAL has been extensively researched as a potential 

early biomarker of acute kidney injury164, while IL-8 has been studied mainly as 

a potential biomarker for paediatric sepsis diagnosis282-284. In contrast Resistin 

has been little explored as a sepsis biomarker.  

Resistin is an ‘adipokine’ hormone, identified in mouse adipose tissue in 2001, 

and implicated in the pathogenesis of diabetes242,285. In humans, Resistin is also 

expressed by activated immune cells, including monocytes/macrophages and 

neutrophils286. Resistin acts as a pro-inflammatory cytokine287, and is 

implicated in the pathogenesis of vascular atherosclerosis by its actions on 

endothelial cells288-290. Resistin correlates with illness severity and the degree of 

inflammatory response in ICU patients with sepsis, and was found to be 

significantly higher in septic shock291,292. It has also been studied as a potential 

diagnostic marker in neonatal sepsis, although was not found to be superior to 

the conventional markers PCT and CRP293.  
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My results confirm an association between Resistin, inflammatory response and 

illness severity in sepsis in the ED. However, predictive value for mortality was 

limited with a ROC AUC of 0.69 (95% CI 0.62-0.76). These results also support 

the hypothesis that Resistin plays a role in leucocyte-endothelial cell signaling, 

given associations between Resistin and the soluble endothelial cell surface 

receptor markers sICAM-1 and sVCAM-1. The endothelial cell receptor-signaling 

pathway for Resistin is uncertain. Some evidence suggests that Resistin binds to 

toll-like receptor 4 (TLR-4)289, while studies in monocytes demonstrate binding 

of Resistin to adenyl cyclase associated protein-1 (CAP-1)294. I am currently 

leading a study using cultured human umbilical endothelial cells stimulated 

with recombinant resistin in	vitro to further investigate this particular question.  

Fluid	resuscitation	

Intravenous fluid resuscitation is a core element of resuscitation of the sepsis 

patient with hypotension/hypoperfusion, and is recommended by the SSC 

guidelines9. These acknowledge that the evidence base for this recommendation 

is weak. As previously noted, there is accumulating evidence of harm associated 

with the degree of positive fluid balance among critically ill sepsis patients in 

the ICU261-265. The current approach to the shocked sepsis patient is early 

aggressive fluid administration followed by subsequent ‘de-resuscitation’ in the 

ICU. This approach has been conceptualized as four stages with the acronym 

‘ROSE’ – Resuscitation, Optimisation, Stabilisation and Evacuation295. There is 

evidence that this approach among ICU patients with sepsis or acute lung injury 

results in reduced organ failure and length of stay269,270. However, in this trial 

participants had received a mean fluid volume of over four litres prior to 

randomisation. The question of whether early volume loading for patients with 

sepsis related hypotension/hypoperfusion in the ED leads to benefit or harm in 

setting of an industrialised, high-income country, with access to optimal ICU 

level care, has not been tested.  

Some suggest that fluid boluses should be titrated against an objective measure 

of ‘fluid-responsiveness’, such as an increase in stroke volume296. However the 
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optimal means of assessing this in the ED is unresolved. Moreover, there is no 

evidence which shows that giving fluid to patients demonstrated to be ‘fluid-

responsive’ actually improves outcome297.  

The only high-level evidence to date comes from the FEAST trial, which found 

increased mortality due to cardiovascular collapse among African children with 

septic shock who received bolus fluid resuscitation267, and from a single centre 

trial among adults in Zambia which found increased mortality among patients 

who received a larger volume of fluid as part of their initial resuscitation268. 

Given accumulating evidence of effects of fluid resuscitation on the 

microcirculation298, and the central role it plays in sepsis299 there is both 

biologic plausibility and clinical equipoise in favour of a randomised trial of 

fluid-sparing versus standard fluid volume resuscitation in sepsis. The REFRESH 

trial, which at the time of submission has enrolled over two-thirds of its 

recruitment target, will provide the clinical feasibility data for a phase III trial, 

while an embedded mechanistic study will address questions of the effect of 

fluid volume on these key pathogenic pathways.  

Meaning of the study 

Infectious diseases are as old as humankind, and remain among the leading 

causes of morbidity and mortality globally2. Despite huge improvements in 

sanitation, the development of surgical asepsis, antibiotics and vaccinations 

available in industrialised countries, sepsis still accounts for an enormous 

burden in both human and economic terms. Yet this is a condition which defies 

classification, presents with multiple clinical phenotypes and has a fearsomely 

complex pathogenesis that is still incompletely understood. It frustrates our 

attempts at classification, and no standard diagnostic test exists. Only a minority 

has bacteremia detected on blood culture, and the causative organism is 

completely unidentified in up to one-third cases of life-threatening sepsis6. 

Sepsis affects patients from the neonatal nursery to the nursing home; it can 

describe the young adult with invasive meningococcal infection, the 

octogenarian with pneumonia, the patient with penetrating abdominal trauma, 

and the immunosuppressed chemotherapy recipient with fungaemia. Against 
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this backdrop, clinical trials of novel therapies for sepsis have been universally 

unsuccessful, despite massive investment280. Activated Protein C was adopted 

into practice for severe septic shock before being withdrawn by the 

manufacturer in 2012, following publication of the PROWESS-SHOCK trial, 

which failed to replicate the previously demonstrated reduction 28-day 

mortality140. The core elements of sepsis treatment – fluid resuscitation, 

antibiotics, surgical source control and supportive care – have remained largely 

unchanged for decades.  

Researching sepsis in the ED is challenging, not least because of the difficulties 

in case identification. Yet this is essential in order to understand the underlying 

pathophysiological processes without the confounding effects of time and 

therapy. To have validity for application in the ED, research must be conducted 

in that setting, using pragmatic, reproducible and clinically relevant criteria. 

Throughout this period of study I have developed a clear understanding of the 

challenges and opportunities this presents. Substantial research effort is 

expended upon trying to develop diagnostic tools, often biomarkers, to 

distinguish sepsis from less severe infection, and also confirm or exclude 

infection as the cause in a patient who presents critically unwell. The complexity 

of the pathogenesis and the multiple clinical phenotypes means it is unlikely 

that a single diagnostic marker for sepsis, such as troponin for myocardial 

infarction, will emerge. Biomarker panels, along with the rapidly evolving field 

of genomics provide promising new avenues of investigation300. However it is 

likely that a combination of clinical variables and host predisposing and 

response factors will remain the optimal means of risk stratifying patients with 

infection in the ED for the foreseeable future. This highlights the important role 

of clinical assessment to identify those with sepsis early, and the requirement to 

remain vigilant for signs of deterioration among those in whom features of 

sepsis are not apparent in initial assessment. 

There is a strong imperative for a practical, valid and reliable working 

definition for sepsis in the ED. Sepsis-3 is a step in an evolving process. While 

reflecting contemporary understanding of sepsis, its utility in the ED is limited 
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as a means for identifying cases. In addition a standardized case definition is 

an essential requirement for conducting clinical trials. To have the maximum 

impact on the course of disease it is logical that any intervention is delivered 

in a timely fashion. Many sepsis trials that recruit in the ICU are confounded 

by treatment prior to randomisation. One example is the CORTICUS trial of 

hydrocortisone in septic shock recruited participants up to 72 hours from 

onset of shock301. Fluid resuscitation is a ubiquitous intervention in sepsis 

resuscitation, but has little evidence to support it. ICU trials demonstrate 

better outcomes with a volume sparing approach following initial large 

volume resuscitation. The REFRESH trial is the initial step in addressing the 

hypothesis that a smaller volume of fluid resuscitation among adults with 

sepsis-related hypotension leads to better outcomes. This research requires 

randomisation during the very earliest phase of resuscitation. Responsibility 

therefore lies with the specialty of Emergency Medicine to drive recruitment 

into research trials in the ED, in collaboration with inpatient colleagues who 

will manage the patient through their clinical course. While implementing 

such clinical trials in the ED presents challenges, the ARISE trial demonstrated 

that this is achievable in our region given appropriate resourcing88.  

Strengths and weaknesses of the study 

Key strengths of this work are the prospective recruitment of clinical cases 

within the ED setting, rigorous clinical case classification according to standard 

criteria, embedded multiple time-point blood sampling and clinical work 

complemented by laboratory investigations. We are unique in Australasia in 

having a ‘wet lab’ within our ED which, coupled with dedicated research 

personnel in the clinical area, allows for the processing of time-sensitive blood 

samples taken from the moment of arrival in the ED. This capacity allows us to 

study patients early in the course of their illness and is a major point of 

difference from the majority of sepsis studies, which often recruit patients much 

later in their clinical course.  Recruitment of patients at multiple sites for the 

ARISTOS and REFRESH studies strengthens the external validity of the results.  
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There are inherent weaknesses in convenience sampling, and the retrospective 

classification of cases in the observational study, while conducted 

systematically, is a potential source of bias. A number of assumptions underpin 

the proposed relationship between StO2 readings and microcirculatory 

dysfunction, particularly when this is based upon a single reading rather than a 

dynamic assessment. Similarly the relationship between Resistin expression 

and endothelial cell activation is inferred based upon correlations with serum 

levels of just two endothelial cell receptor proteins, and further work is 

underway to determine whether or not these associations do represent an 

interaction between Resistin and endothelial cells. It cannot be overemphasized 

that the pathogenesis of sepsis is extremely complex and our understanding of it 

is limited. 

Unanswered questions and future research 

The optimal means of defining sepsis in the ED, both from a clinical and a 

research perspective, remains unresolved. A practical approach incorporates 

a reasonable clinical suspicion of infection based upon the clinical 

presentation, and clinical and laboratory evidence of organ failure. One means 

of refining this would be a multicentre ED database of suspected cases in 

which clinical progress and outcomes were collated, including adjudication of 

whether or not the diagnosis was indeed sepsis. In the future the adoption of 

electronic medical records may allow for routinely collected clinical data to 

trigger early warning systems built on increasingly complex ‘machine-

learning’ based algorithms302. 

The second question is the role Resistin plays (if any) in sepsis pathogenesis. 

Our results indicate this protein is expressed by leucocytes and correlates 

with markers of endothelial cell activation. The importance of this, and the 

cell receptor-signaling pathways involved are topics of active enquiry. 

Finally, the question of fluid resuscitation in sepsis has become a subject of 

immense focus. This question was identified as the top priority for septic 

shock research by a group of leading intensive care researchers from around 
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the world303. It also featured prominently among the top research priorities 

for emergency medicine in both adults304 and children305. Given the ubiquity 

of this intervention, if the harms demonstrated with rapid volume expansion 

in the two African trials were confirmed in other settings, a volume sparing 

approach has the potential to save an enormous amount of lives and 

resources. The REFRESH trial will provide the essential feasibility and 

mechanistic plausibility to support a large-scale clinical trial to test this. 

Achieving the required statistical power to demonstrate improvements in 

patient-orientated outcomes will require a global effort. Through the 

collaborations I am developing as part of the REFRESH trial, I have been 

invited to be a protocol advisor to a US National Institutes of Health-funded 

multicentre phase III trial of fluid-liberal versus fluid-sparing resuscitation in 

sepsis which is due to commence in late 2017. More broadly, clinical trials for 

early sepsis need to screen and recruit participants in the ED where 

appropriate. One new approach is the potential for ‘platform’ trials, in which 

multiple interventions can be tested simultaneously in a perpetual trial using 

Bayesian statistical analyses to maximize efficiency306. Platform trials are 

particularly suited to conditions characterised by heterogeneity such as 

sepsis where sufficient power can be generated to examine subgroups as a 

function of the large numbers which may be recruited.

Final Comments 

Sepsis is a vast topic, and the work reported here has of necessity focused on 

only a few aspects. I have tried to integrate practical clinical issues with basic 

mechanistic research with a focus on the microcirculation, and the role it plays 

in pathogenesis. There are several approaches to addressing these questions 

and I have studied only some aspects. My overarching philosophy was to be 

clinically applicable. I have identified the challenges and limitations of clinical 

research, but also suggested ways of addressing these. My goal was to 

demonstrate that linking clinical and bench-top investigations is the key to 

understanding the clinical phenotypes of sepsis. This work will drive 

improvements in diagnosis and risk stratification, provide new mechanistic 
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insights, and demonstrate how these mechanisms may be impacted by 

administration of intravenous fluid.  
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Table 1 Clinical studies examining the microcirculation in sepsis 

First author and year 
(Ref No) 

Topic Objective Sample and methods Results Conclusions 

Goulet 2014 (119) 

France 

StO2 for (severe) sepsis 
diagnosis 

Utility of StO2 to identify 
organ failure or 

hypoperfusion among 
patients with infection 

98 patients presenting to 
three ED with features of 

infection. Spot StO2 

No difference in StO2
readings for ICU 

admission or mortality. 
ROC AUC for sever 

sepsis 0.53 

StO2 of no value in 
identifying severe sepsis. 

Study stopped early on 
grounds of futility. 

Goerlich 2014 (120) 

USA 

StO2 for diagnosis of 
sepsis 

Relationship between 
StO2 at ED triage and 

subsequent diagnosis of 
sepsis (2001 definition) 

500 consecutive non-
trauma ED presentations 

Incidence of sepsis 8.6%. 
Scoring system including 

HR, RR, Temp and 
StO2<75% or >89% had 

sensitivity 85% and 
specificity 78% 

StO2 independent 
predictor of sepsis and 

improves diagnosis over 
traditional vital signs. 
Prospective validation 

required. 

Bazerbashi 2014 (118) 

USA 

StO2 to predict outcome 
is suspected sepsis 

Relationship between 
StO2 and hospitalization, 

ICU admission and 
mortality 

Retrospective analysis 
167 cancer patients 

presenting to emergency 
centre 

Patients with StO2 <70% 
associated with ICU 
admission - OR 2.87 
(1.23-6.66) but not 

hospitalization or death. 
ROC AUC 0.61 (0.49-

0.72) 

StO2 of limited predictive 
utility in this selected 

group of high risk 
patients for sepsis 

Leichtle 2013 (117) 

USA 

StO2 to predict ICU 
admission in sepsis 

Relationship between 
StO2 and subsequent 

admission to ICU within 
72 hours 

66 inpatients assessed 
for sepsis by 

‘rapid=response team’. 
StO2 recorded and 

patients followed for 
72h 

StO2 significantly lower 
in patients subsequently 
admitted to ICU (78% vs 

81%, p=0.05) but ROC 
AUC 0.64 (0.51-0.77). All 
patients with StO2<70% 
required ICU admission 

StO2 poorly predictive of 
need for ICU admission 
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Shapiro 2011 (124) 

USA 

StO2 in ED sepsis Relationship between 
NIRS derived StO2 

indices and outcome 

168 ED patients at three 
sites. Dynamic StO2 

compared among three 
groups – septic shock, 
non-shock sepsis and 
non infected controls 

Mean baseline StO2 in 
septic shock, sepsis 
without shock and 
controls: 76%(±9), 

82%(±7) and 79%(±7) 
respectively. Significant 

correlation between 
both occlusion and 

recovery StO2 slopes and 
SOFA score 

StO2 lower in shock. 
Recovery slope showed 

strongest association 
with organ failure 

Vorwerk 2011 (114) 

UK 

StO2 and outcome 
prediction 

Relationship between 
StO2 in the ED and 30 
day outcome in septic 

shock 

49 ED patients with SS. 
StO2 measured by NIRS 

at presentation and 24h. 

24 (49%) patients died. 
No difference in baseline 

StO2 but significant 
difference in 24h StO2 

between survivors and 
non-survivors. 

Persistent low StO2 
associated with RR for 
death of 2.1 (1.2-3.5) 

Patients with SS have 
impaired StO2 on 

admission. Failure to 
normalize despite 

resuscitation is 
associated with poor 

outcome 

Ardolic 2010 (116) 

USA 

Prevalence of occult 
hypoperfusion assessed 

by StO2 in “stable” ED 
patients 

To determine the 
incidence of low StO2 in 
patients >65 years being 

admitted to a non ICU 
bed 

122 patients at three 
EDs over a four-day 
period. 25 (20%) of 

patients had StO2 below 
75% 

A high proportion of 
patients admitted to a 

non ICU bed have occult 
hypoperfusion as 

measured by low StO2 

These patients may 
require additional 

interventions in the ED 
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Payen 2009 (123) 

France 

StO2 and outcome 
prediction 

Relationship between 
dynamic StO2

parameters and 28 day 
mortality 

43 ventilated patients 
with septic shock. 

Continuous StO2 with 4 
times daily VOT 

15 patients dies (35%) 
baseline StO2 similar 

between survivors and 
non-survivors but 

reduced reperfusion 
slope in non survivors 
(1.88%/s vs 3.98%/s, 

p=0.003) 

Impaired StO2 
reperfusion slope on day 
1 significantly improved 
predictive utility of SOFA 

and SAPSII scores for 
mortality 

Leone 2009 (115) 

France 

StO2 and outcome Effect of StO2 after 
optimization of 

haemodynamics in SS on 
outcome 

42 consecutive 
ventilated ICU patients 

with SS. NIRS assessed at 
thenar eminence after 
optimization of SpO2, 

MAP and ScvO2 

Mortality at 28 days 
31%. StO2 significantly 
lower in non-survivors. 

Optimal cut off 78%, 
ROC AUC 7% 

Persistent low StO2 after 
resuscitation is 
associated with 

increased risk of death 
in septic shock 

Trzeciak 2008 (112) 

USA 

Microcirculation during 
EGDT resuscitation 

To assess relationship 
between changes in 

microcirculation and 
SOFA scores  

33 septic shock patients 
undergoing EGDF. 
Microcirculation 

assessed by Sidestream 
Dark Field microscopy 
(SDF) over 3-6h. SOFA 
scores calculated at 0 

and 24h. 

Patients divided into 
SOFA improvers (score 
improve by 2 or more 
point in 24h) or non-

improvers. SOFA 
improvers had median 
change in MFI of 0.23 
compared to -0.05 for 

non-improvers (p=0.04) 

Improved 
microcirculatory flow 
during resuscitation in 

septic shock is 
associated with 
improved organ 

dysfunction indices in 
subsequent 24h. 
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Trzeciak 2007 (111) 

USA 

Microcirculation and 
outcome 

To compare early 
microcirculatory 

perfusion indices in 
sepsis survivors vs non-

survivors 

26 sepsis patients within 
6 hours of initiating 

EGDT. Sublingual OPSI 
to determine flow 

velocity score, flow 
heterogeneity index and 

capillary density. 

Non-survivors had lower 
flow velocity and more 

heterogeneous perfusion 
compared to survivors. 

These changes 
correlated with 

increased severity of 
systemic circulatory 

dysfunction (MAP and 
vasopressor 

requirement) 

Early microcirculatory 
perfusion indices are 

more markedly impaired 
in non-survivors and 

with increasing severity 
of global cardiovascular 

dysfunction. 

Creteur 2007 (122) 

Belgium 

StO2 and outcome To assess utility of 
dynamic StO2 for 

predicting ICU mortality 

72 ICU patients with 
septic shock, sepsis, ICU 

controls, and healthy 
volunteers 

35 dies (49%). Baseline 
StO2 and recovery slope 

significantly lower in 
sepsis.  

Persistent impairment of 
recovery slope 

predictive of mortality 
(ROC AUC 0.797) 

Boerma 2007 (113) 

Netherlands 

Sublingual and intestinal 
microcirculatory 

perfusion in abdominal 
sepsis 

Investigate sublingual 
and intestinal perfusion 

in patients with 
abdominal sepsis and 
newly created stoma 

23 patients with new 
stoma and abdominal 
sepsis, 19 outpatient 
controls with a stoma 

and 10 non-sepsis 
patients with a new 

stoma.  OPSI of 
sublingual and GI 

mucosa performed on 
days 1 and 3. 

OPSI of sublingual and 
GI mucosa performed on 

days 1 and 3. On 1 no 
correlation between GI 

and sublingual 
microcirculatory flow 
index, and indices of 

systemic circulation. By 
day 3 correlations 

existed between regions 
mainly due to 

normalization of flow.  

On day one of abdominal 
sepsis there is 

dispersion of flow 
between haemodynamic 

compartment which 
tends to normalization 

by day 3 
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Sakr 2004 (91) 

Belgium 

 Microcirculatory 
alterations and outcome 

in SS 

To determine the effect 
of microcirculatory 

alterations on outcome 

49 ICU patients with SS. 
Daily sublingual OPSI 

until resolution of shock 

26 survivors and 20 
deaths from sepsis.  

Baseline small vessel 
perfusion but improved 

in survivors. Despite 
similar oxygenation and 

vasopressor 
requirements patients 

dying with MOF had 
significant lower small 

vessel perfusion 

Microcirculatory 
changes improve rapidly 
in septic shock survivors 
but not in patients dying 
with MOF, regardless of 

whether shock has 
resolved. 

DeBacker 2002 (110) 

Belgium 

Microcirculation 
changes in severe sepsis 

To quantify changes in 
microcirculation in 

severe sepsis compares 
to controls 

50 ventilated ICU 
patients with SS. Three 
control groups; healthy 
volunteers (10), pre-op 
cardiac surgery patients 

(16) and non-septic
critically ill patients

(10). Sublingual 
microcirculation 

assessed by orthogonal 
polarization spectral 

imaging (OPSI) 

Significant reduction in 
number and caliber of 

vessels in severe sepsis 
compared to all control 
groups. Findings more 

pronounced in non-
survivors. These changes 

were fully reversed by 
topical application of 

acetyl choline 

Severe sepsis is 
associated with 

significant alterations in 
microvascular perfusion 

as assessed by 
sublingual OPSI 
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Table 2 Studies of therapies targeting the microcirculation in sepsis 

First author and year 
(Ref No) 

Topic Objective Sample and methods Results Conclusions 

Enrico 2012 (135) 

Argentina 

Cardiovascular 
responses to 
dobutamine 

To determine effects of 
dobutamine on the 
microcirculation 

23 ICU patients with 
septic shock. Effects of 
increasing dose of 
dobutamine examined 
using SDF. 

Overall variable 
haemodynamic effects of 
dobutamine. No overall 
change in perfused 
vessel density (PVD) but 
did improve if severe 
alterations at baseline 

Overall dobutamine 
infusion does not result 
in significant 
improvement in 
microcirculatory indices 

Morelli 2011 (136) 

Italy 

Terlipressin & AVP effect 
on microcirculatory flow 

Determine effect of 
continuous infusion of 
NA, TP and AVP on 
sublingual 
microcirculation in SS. 

Blinded RCT 60 ICU 
patients randomized to 
TP (20), AVP (20) and 
placebo (20). All had 
open label NA to 
maintain MAP 65-
75mmHg. Sublingual 
SDF at baseline and 6 
hours. 

TP and AVP decreased 
NA requirements 
compared to placebo. All 
groups improved 
microcirculation during 
infusion but no 
differences in sublingual 
microcirculatory 
variables between 
groups 

The addition of AVP or 
TP to NA doses not 
increase 
microcirculatory 
perfusion which is 
mainly related to factors 
such as volume status, 
haemodynamics and 
disease progression 

Morelli 2011(137) 

Italy 

Terlipressin and 
microcirculatory blood 
flow in SS. 

Determine effects of 
terlipressin bolus n 
microcirculation in 
vasopressor dependent 
SS 

20 ICU patients with SS 
on NA. MAP titrated to 
65-75mmHg then bolus
terlipressin 0.5mg.
Sublingual
microcirculatory flow
assessed by SDF.

Terlipressin reduced NA 
requirements. 
Microcirculatory flow 
index increased. No 
change in lactate and pH. 

In fluid resuscitated 
vasopressor dependent 

SS terlipressin improved 
systemic 

haemodynamics without 
compromising 

microcirculatory blood 
flow. 
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Dubin 2010 (132) 

Argentina 

Fluids and 
microcirculatory 
resuscitation 

To compare 6%HES with 
Normal saline for 
microcirculatory 
resuscitation during 
EGDT. 

20 patients randomized 
(9 HES and 11 NS). 
Sublingual SDF at 24h 
compared between 
groups. 

No significant 
differences at baseline 
but indices of micro-
vascular perfusion 
higher in HES group at 
24h 

HES may have 
advantages in terms of 
microcirculatory 
perfusion for 
resuscitation during 
EGDT. 

Ospina-Tascon 2010 
(131) 

Belgium 

Fluids and 
microvascular perfusion 

Open label study of 60 
patients with severe 
sepsis divided into early 
(<24h) and late (>48h). 
Sublingual SDF before 
and after Hartman’s or 
4%albumin. 

Microcirculatory 
perfusion improved in 
early but not late sepsis 
regardless of fluid used. 

Pottecher 2010 (130) Fluids and 
microcirculation 

Assess microcirculatory 
changes following 
passive leg raising and 
volume expansion in 
sepsis. 

25 ventilated ICU 
patients with SS. 
Sublingual SDF before 
and after VE and PLR 
with 24h of admission. 

Both PLR and VE 
induced significant 
improvements in 
sublingual 
microcirculatory 
perfusion 

In fluid-responsive SS 
patients both PLR and 
volume expansion 
improve micro-vascular 
perfusion. 

Boerma 2010 (129) 

Netherlands 

Nitroglycerin and 
sublingual 
microcirculatory blood 
flow in SS 

To investigate effect of 
NG on sublingual 
microcirculatory blood 
flow in SS  

70 ICU patients with SS 
randomized to NG or 
placebo, after fulfillment 
of targeted resuscitation 
endpoints 

Significant baseline 
impairment in 
microcirculatory 
function improved over 
time in both groups but 
no difference between 
NG and placebo groups 

In context of a strict 
resuscitation protocol 
for early SS NG does not 
improve 
microcirculatory 
dysfunction  
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Dubin 2009 (126) 

Argentina 

Relationship between 
systemic and 
microcirculation 

Effect of titrated 
noradrenalin to increase 
MAP on sublingual 
microcirculation in SS 

20 ICU patients with SS. 
Sublingual circulation 
assessed by SDF. 
Noradrenalin titrated to 
MAP 65, 75 and 
85mmHg. 

No changes in capillary 
micro vascular flow 
index and % perfused 
capillaries at increasing 
BP. Trend towards 
decreased perfused 
capillary density 

Severe sublingual 
microcirculatory 
alterations in SS failed to 
improve with increasing 
systemic BP. Significant 
inter-individual 
variation. Increasing BP 
to supra-normal levels 
not beneficial and may 
be harmful 

Buchele 2009 (138) 

 Belgium 

Hydrocortisone effect on 
microcirculation 

Assess effect of 50mg IV 
hydrocortisone on 
microcirculatory 
function in SS 

20 ICU patients with 
septic shock. 50mg HC 
infused IV over 6h. 
Microcirculation 
assessed by OPS 

Modest but consistent 
increase in sublingual 
OPS blood flow after HC 
Not related to 
haemodynamics or 
ACTH responsiveness 

Hydrocortisone 
increased 
microcirculatory flow in 
SS. Several potential 
mechanisms postulated. 

De Backer 2006 (134) 

Belgium 

Dobutamine & 
microcirculation in SS 

Effect of dobutamine on 
microcirculatory blood 
flow in SS 

22 SS patients in ICU. 
OPSI assessment pre and 
post 5mcg/kg/min 

Dobutamine significantly 
improved capillary 
perfusion but capillary 
density remained stable. 
Topical Ach completely 
restored capillary 
perfusion and density. 
Unrelated to systemic 
haemodynamics. 

Dobutamine improves 
but does not restore 
capillary perfusion in SS, 
independent of changes 
in systemic 
haemodynamic 
variables. 
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De Backer 2006 (139) 

Belgium 

Activated protein C & 
microcirculation 

To assess effect of APC 
on microcirculation in 
severe sepsis 

20 ICU patients 
undergoing APC 

treatment and 20 un-
randomised controls. 

OPSI assessment before 
during and after APC 

infusion 

APC group showed 
significant improvement 

in proportion of 
perfused capillaries 

compared to controls. 

APC leads to increased 
microcirculatory 
perfusion in septic 
shock. Mechanism 
uncertain. 

Spronk 2002 (128) 

Netherlands 

Microcirculation in 
septic shock 

To assess the effect of 
nitroglycerine on 
microcirculation in 
septic shock 

8 ICU patients admitted 
with SS volume 
resuscitated to MAP 
>60mmHg. Sublingual
OPS to assess
microcirculation pre and
post GTN infusion.

Impaired flow assessed 
in small and large 

vessels reversed by GTN 
infusion. 7/8 patients 

survived. 

GTN reverses impaired 
microcirculatory flow in 
SS and may have a 
therapeutic role 



171 

Table 3 Studies of Angiopoietin-1/2 in sepsis 

First Author & Year (Ref No) Population & setting (n) Methods Findings Comments 
Hou 2017 (188) 

USA 

Subset of patients in ProCESS 
trial of early goal directed 
therapy in ED (n=605) 

Ang-2, Flt-1, VEGF and vWF 
measured at 3 time points 
over 24h 

Ang-2 higher in group who 
died – ROC AUC 0.67 (0.58-
0.76) 

No difference in expression 
across different resuscitation 
strategies 

Palud 2015 (187) 

France 

20 ICU patients with septic 
shock 

Ang-2, E-selectin and endocan 
measured at enrollment. 

Ang-2 correlated with organ 
failure and significantly 
associated with mortality 

Vassiliou 2014 (186) 

Greece 

89 ICU patients without sepsis 
on admission 

Range of endothelial 
biomarkers measured and 
assessed against development 
of sepsis 

Ang-1/2 at baseline were not 
associated with development 
of sepsis 

Luz Fiusa 2013 (185) 

Brazil 

99 patients with febrile 
neutropenia.  

Ang-1/2, VEGF and Flt-1 to 
predict septic shock 

Increased Ang-2/Ang-1 ratio 
independently associated with 
septic shock 

ROC AUC 0.68 (0.55-0.81) for 
Ang-2/Ang-1 >5.0 for septic 
shock within 28 days 

Calfee 2012 (184) 

USA 

931 ICU patients with acute 
lung injury (ALI) enrolled in 
clinical trial of fluid restriction 

Ang-2 and vWF measured 
days 1-3 

Ang-2 highest in sepsis and 
day 3 level associated with 
mortality in patients with ALI 
due to both infectious and 
non-infectious aetiology 

Ang-2 levels lower with fluid 
restriction in infection related 
ALI suggesting less 
endothelial activation 

Page 2011 (175) 

Canada 

16 streptococcal toxic shock 
syndrome and 21 invasive 
streptococcal disease without 
shock 

Ang-1/Ang-2 ratio Ang-1/Ang-2 ratio reduced in 
toxic shock group compared 
to uncomplicated infection 

Ang-2 associated with 
mortality 
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Ebihara 2011 (176) 

Japan 

25 septic shock patients 
treated with Polymyxin-B 
haemoperfusion 

Ang-1 and Ang-2. Diagnosis of 
acute lung injury 

Ang-1 correlated with 
PaO2/FiO2 ration, inverse 
correlation between Ang-2 
and PaO2/FiO2 ratio 

Ricciuto 2011 (177) 

Canada 

70 ICU patients with severe 
sepsis 

Daily measures of Ang1/Ang2. 
Followed to 28 days. 

No clear relationship between 
Ang-2 levels and mortality but 
Ang-2 level correlated with 
MODS score 

Davis 2010 (174) 

Australia 

83 ICU patients with early 
sepsis and 41 hospital 
controls 

Ang-2 measured at baseline 
and 2-4 days later. 

Plasma Ang-2 elevated and 
related to severity of sepsis 
compared to controls.  

Not predictive of 28-day 
mortality. 

Siner 2009 (178) 

USA 

66 medical ICU patients Ang-2 and IL-6 levels 
recorded at admission to ICU 

Ang-2 correlated with IL-6 
and illness severity. Ang-2 
levels significantly higher in 
those septic patients who 
died. 

Kranidioti 2009 (179) 

Greece 

90 ICU patients with sepsis 
due to ventilator associated 
pneumonia and 17 healthy 
controls 

Ang-2 measured in serum and 
Ang-2 gene expression form 
healthy volunteer monocytes 
incubated with patient serum 

Ang-2 levels significantly 
higher in septic shock 
compared to sepsis and in 
non-survivors. Ang-2 gene 
expression increased by 
patient serum. 

Kumpers 2008 (180) 

Germany 

43 medical ICU patients & 29 
healthy controls 

Ang-1 and Ang-2 measured an 
compared to 30 day outcome 

Ang-2 higher and correlated 
with severity in sepsis. Ang-2 
independent predictor of 
mortality 

Ang-1 levels lower in all 
patient groups compared to 
controls 
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Van der Heijden 2008 (181) 

Netherlands 

88 ventilated ICU sepsis 
patients and 24 non septic 
controls 

Ang-2 compared to indices of 
acute lung injury/acute 
respiratory distress (ARDS) 

Ang-2 significantly higher in 
sepsis versus non-sepsis 

Ang-2 level independently 
associated with severity of 
pulmonary leak 

Orfanos 2007 (182) 

Greece 

61 ICU patients with sepsis Ang-2 levels compared 
between groups with varying 
sepsis severity and 
inflammatory markers 

Significant relationship 
between Ang-2 and severity of 
sepsis, severe sepsis, septic 
shock.  

Ang-2 also correlated with 
TNF, IL-6, SOFA and APACHE 
scores 

Parikh 2006 (183) 

USA 

22 ICU sepsis patients and 29 
hospitalized controls 

Ang-2 level measured at 
enrolment in patient with 
sepsis, severe sepsis and 
controls 

Ang-2 significantly higher in 
patients with severe sepsis 
compared to sepsis and 
controls 



174 

Table 4 Studies of Soluble Intercellular Adhesion Molecule (sICAM-1) in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Vassiliou 2014 (186) 

Greece 

89 ICU patients without sepsis 
on admission 

Range of endothelial 
biomarkers measured and 
assessed against development 
of sepsis 

sICAM-1 at baseline not 
associated with development 
of sepsis 

Skibsted 2013 (208) 

USA 

Multicentre ED study of 
patients with infection, sepsis 
or septic shock (n=166) 

Range of endothelial markers 
measured and assessed 
against organ failure and 
mortality 

sICAM-1 correlated with 
organ failure (SOFA score) 
and mortality (AUC 0.71) 

ICAM-1 inferior to Flt-1, PAI-1 
and E-selectin for mortality 
prediction 

De Pablo 2013 (209) 

Spain 

92 ICU patients (52 sepsis and 
40 non-infectious SIRS) 

Measurement of sICAM-1, 
sICAM-2, sVCAM-1, E-selectin 
up to 28 days. Outcome to 
distinguish sepsis from non-
infectious SIRS 

sICAM-1 good predictor of 
infection with AUC 0.9 (0.82-
0.98) 

sICAM-1 not associated with 
mortality 

Schuetz 2011 (189) 

USA 

ED patients with hypotension: 
sepsis (69) cardiac (35) 
hemorrhage (12) unknown 
(12) 

Multiple markers of 
endothelial activation assayed 
to determine specificity for 
sepsis 

sICAM-1 significantly higher 
in sepsis group compared to 
other causes of shock 

Shapiro 2010 (190) 

USA 

ED patients with sepsis 
without organ dysfunction 
(71), severe sepsis (66) septic 
shock (71) and non-infected 
controls 

Measurement of multiple 
markers of endothelial 
dysfunction in ED 

sICAM-1 significantly 
associated with increasing 
sepsis severity; moderately 
predictive of mortality and 
severe sepsis  
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Hofer 2009 (191) 
 

Germany 

ICU patients (101 severe 
sepsis, 28 postoperative) and 
18 healthy controls 

Relationship between sICAM 
and markers of cell apoptosis 

sICAM-1 higher in sepsis 
group and trend toward 
association of increasing 
sICAM over time and death 
 

 

Stief 2007 (192) 
 

Germany 
 

62 ICU patients with sepsis 
and 24 healthy controls 

Multiple markers of 
haemostasis  

sICAM-1 significantly 
associated with sepsis.  

Not predictive of severity or 
mortality 

Scherpreel 2006 (193) 
 

France 
 

63 ICU patients with sepsis 
and 20 healthy controls 

Primarily a study of Endocan 
as a marker in sepsis 

sICAM-1 higher in sepsis 
compared to SIRS without 
sepsis 

No relationship between 
sICAM-1 and sepsis severity of 
mortality 

Kinoshita 2002 (194) 
 

Japan 

47 ICU patients with gram 
negative sepsis and 9 healthy 
controls 

Patients divided on basis of 
presence of acute respiratory 
distress syndrome (ARDS).  
 

sICAM-1 higher in sepsis and 
ARDS 

Not related to mortality 

Paterson 2000 (195) 
 

UK 
 

10 ICU patients with SIRS and 
6 healthy controls 

Relationship between nuclear 
factor k-B level and sICAM-1 

NF-kB levels increased in 
those who did not related to 
sICAM-1 

 

Weigand 1999 (196) 
 

Germany 
 

14 surgical ICU patients with 
septic shock and 7 healthy 
controls 

sICAM-1 to predict organ 
dysfunction and 28 death 

sICAM-1 significantly higher 
in sepsis than controls and in 
non-survivors 

 

Froon 1998 (197) 
 

Netherlands 
 

42 ICU patients with sepsis 
and ventilator associated 
pneumonia (VAP) 

Serial measures of sICAM E 
selectin and BPI and 
development of VAP 

sICAM higher in VAP with 
sepsis than severe sepsis or 
septic shock without VAP 

No relationship between 
sICAM and mortality or SAPS-
II score 
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Kayal 1998 (198) 

France 

 ICU patients with severe 
sepsis or septic shock (25), 
ICU controls (7) or healthy 
controls (9) 

sICAM-1, sE-selectin, vWF 
antigen, lactoferrin and 
myeloperoxidase compared 
with severity and outcome 

sICAM-1 significantly higher 
in septic patients versus 
controls and higher in septic 
shock than non-shocked 

sICAM-1 correlated with 
mortality and illness severity 
scores 

Takakuwa 1997 (199) 

Japan 

34 ICU patients with sepsis or 
trauma 

sICAM higher in sepsis than in 
trauma 

Egerer 1997 (200) 

Germany 

24 ICU patients with sepsis or 
severe infection 

Daily measurement of sICAM-
1 and E-selectin up to 7 days 

sICAM-1 higher in patients 
with severe sepsis compared 
to infection alone 

Not related to mortality 

Boldt 1997 (201) 

Germany 

30 surgical ICU patients with 
post-operative sepsis 

Daily measurements over 5 
days 

sICAM-1higher in sepsis vs 
controls 

sICAM-1 higher in older 
patients 

Boldt 1996 (202) 

Germany 

30 ICU patients with 
postoperative sepsis or 
trauma 

sICAM-1 higher in sepsis than 
trauma 

Moss 1996 (203) 

USA 

ICU patients with sepsis (19), 
trauma (36) and controls 

Relationship with sepsis sICAM-1 higher in sepsis than 
in trauma or controls 

Nakae 1996 (204) 

Japan 

ICU patients 21 with sepsis 
and 13 with trauma 

Multiple cytokines and 
adhesion molecules measured 

sICAM-1higher in septic than 
trauma patients 
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Endo 1995 (205) 

Japan 

ICU patients with sepsis (15), 
sepsis with MOF (8) and MOF 
without sepsis (5) 

Inflammatory cytokine and 
adhesion markers between 
groups 

sICAM-1 higher in patients 
with sepsis with or without 
MOF than in group with MOF 
without sepsis 

sICAM-1 higher in sepsis with 
MOF than those without MOF 

Sessler 1995 (206) 

USA 

ICU patients with sepsis (25), 
SIRS (25), ICU controls (25) 
and healthy volunteers (12) 

sICAM-1 on day 1 of ICU 
admission related to sepsis, 
organ failure and shock 
severity 

sICAM-1 higher in sepsis than 
ICU controls 

sICAM-1 correlated with 
organ failure and illness 
severity 

Cowley 1994 (207) 

UK 

ICU patients with sepsis (21), 
severe sepsis (14), ICU 
controls (5), healthy controls 
(85) 

Relationship between 
endothelial markers and SIRS, 
organ dysfunction and 
mortality 

sICAM-1 higher in sepsis and 
ICU controls compared to 
healthy controls 

Not related to mortality 
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Table 5 Studies of  Soluble Vascular Cell Adhesion Molecule-1 (sVCAM-1) in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Skibsted 2013 (208) 

USA 

Multicentre ED study of 
patients with infection, sepsis 
or septic shock (n=166) 

Range of endothelial markers 
measured and assessed 
against organ failure and 
mortality 

sVCAM-1 correlated with 
organ failure and associated 
with mortality (AUC 0.78) 

De Pablo 2013 (209) 

Spain 

92 ICU patients (52 sepsis and 
40 non-infectious SIRS) 

Measurement of sICAM-1, 
sICAM-2, sVCAM-1, E-selectin 
up to 28 days 

sVCAM-1 significantly higher 
in sepsis than non-infectious 
SIRS 

In multivariate analysis 
sVCAM-1 independent 
predictor of mortality 

Furian 2012 (210) 

Brazil 

45 ICU patients with severe 
sepsis or septic shock 

Relationship between 
echocardiographic findings 
and endothelial activation 

sVCAM-1 not associated with 
indices of LV dysfunction 

Schuetz 2011 (189) 

USA 

ED patients with hypotension: 
sepsis (69) cardiac (35) 
hemorrhage (12) unknown 
(12) 

Multiple markers of 
endothelial activation assayed 
to determine specificity for 
sepsis 

VCAM-1 higher in sepsis 
compared to non-sepsis 

Shapiro 2010 (190) 

USA 

ED patients with sepsis 
without organ dysfunction 
(71), severe sepsis (66) septic 
shock (71) and non-infected 
controls 

Measurement of multiple 
markers of endothelial 
dysfunction in ED 

sVCAM-1 elevated in septic 
shock compared to non-
infected ED controls 

Relationship between illness 
severity and sVCAM-1 level in 
sepsis (p=0.04) 
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Hofer 2009 (191) 

Germany 

ICU patients (101 severe 
sepsis, 28 postoperative) and 
18 healthy controls 

Relationship between various 
inflammatory and endothelial 
markers and markers of cell 
death/apoptosis 

sVCAM-1 not significantly 
different between septic, 
postoperative and control 
groups 

No relationship with mortality 
based upon initial sVCAM-1 
levels but increased in non-
survivors at 48 and 120h 

Kinoshita 2002 (194) 

Japan 

47 ICU patients with gram 
negative sepsis and 9 healthy 
controls 

Patients divided on basis of 
presence of acute respiratory 
distress syndrome (ARDS).  

sVCAM-1 higher in sepsis than 
in controls 

Did not differentiate between 
patients with ARDS and those 
without 

Presterl 1999 (211) 

Austria 

40 ICU patients with bacterial 
or fungal sepsis 

sVCAM-1 measured at 
multiple time points 

sVCAM-1 higher in candida 
than in bacterial sepsis 

Not correlated with mortality 

Knapp 1998 (212) 

Austria 

ICU patients with gram 
positive sepsis (28), gram 
negative sepsis (11) and 
healthy controls (15) 

Prognostic value of a range of 
markers 

sVCAM-1 elevated in sepsis vs 
healthy controls 

Did not differentiate between 
gram positive and gram 
negative sepsis 

Boldt 1997 (201) 

Germany 

30 surgical ICU patients with 
post-operative sepsis 

Daily measurements over 5 
days 

sVCAM-1 higher in sepsis than 
controls 

Takakuwa 1997 (199) 

Japan 

34 ICU patients with sepsis or 
trauma 

sVCAM-1 higher in sepsis than 
in trauma patients  

sVCAM-1 correlated with 
TNF-alpha, IL-6, IL-8, NO and 
sE-selectin 
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Boldt 1996 (202) 

Germany 

30 ICU patients with 
postoperative sepsis or 
trauma 

sVCAM-1 higher in sepsis 
patients than in controls 

Endo 1995 (205) 

Japan 

ICU patients with sepsis (15), 
sepsis with MOF (8) and MOF 
without sepsis (5) 

Inflammatory cytokine and 
adhesion markers between 
groups 

sVCAM-1 higher in patients 
with sepsis and MOF 
compared to those with MOF 
without sepsis 

sVCAM-1 did not differ 
between septic patients with 
and without MOF 

Cowley 1994 (207) 

UK 

ICU patients with sepsis (21), 
severe sepsis (14), ICU 
controls (5), healthy controls 
(85) 

Relationship between 
endothelial markers and SIRS, 
organ dysfunction and 
mortality 

sVCAM-1 higher in sepsis than 
in controls 

sVCAM-1 higher in severe 
sepsis than non-severe 
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Table 6 Studies of Soluble E-selectin-1 (sE-selectin-1) in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Palud 2015 (187) 

France 

20 ICU patients with septic 
shock 

Ang-2, E-selectin and endocan 
measured at enrollment. 

No correlation between E-
selectin and severity, nor any 
relationship with mortality 

Vassiliou 2014 (186) 

Greece 

89 ICU patients without sepsis 
on admission (single centre) 

Range of endothelial 
biomarkers measured and 
assessed against development 
of sepsis 

E selectin at baseline 
significantly associated with 
development of sepsis 

E-selectin and SOFA score on
admission associated with
sepsis in logistic regression
analysis

Skibsted 2013 (208) 

USA 

Multicentre ED study of 
patients with infection, sepsis 
or septic shock (n=166) 

Range of endothelial markers 
measured and assessed 
against organ failure and 
mortality 

sE-selectin associated with 
organ failure and associated 
with mortality (AUC 0.77) 

De Pablo 2013 (209) 

Spain 

92 ICU patients (52 sepsis and 
40 non-infectious SIRS) 

Measurement of sICAM-1, 
sICAM-2, sVCAM-1, E-selectin 
up to 28 days 

sE-selectin only moderately 
differentiates infection from 
non-infectious SIRS AUC0.73 
(0.62-0.85) 

In multivariate analysis sE-
selectin independent 
predictor of mortality 

Schuetz 2011 (189) 

USA 

ED patients with hypotension: 
sepsis (69) cardiac (35) 
hemorrhage (12) unknown 
(12) 

Multiple markers of 
endothelial activation assayed 
to determine specificity for 
sepsis 

sE-selectin higher in sepsis 
than non-sepsis 

Discriminates sepsis from 
non-sepsis (ROC AUC 0.74) 
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Shapiro 2010 (190) 

USA 

ED patients with sepsis 
without organ dysfunction 
(71), severe sepsis (66) septic 
shock (71) and non-infected 
controls 

Measurement of multiple 
markers of endothelial 
dysfunction in ED 

sE-selectin-1 higher in septic 
shock compared to controls 

sE-selectin associated with 
sepsis severity and mortality 

Stief 2007 (192) 

Germany 

62 ICU patients with sepsis 
and 24 healthy controls 

Multiple markers of 
haemostasis  

sE-selectin-1 elevated in 
sepsis  

Kinoshita 2002 (194) 

Japan 

47 ICU patients with gram 
negative sepsis and 9 healthy 
controls 

Patients divided on basis of 
presence of acute respiratory 
distress syndrome (ARDS).  

sE-selctin-1 does not 
differentiate between patients 
with ARDS and those without 

sE-selectin not predictive of 
mortality in ARDS 

Geppert 2000 (214) 

Austria 

25 cardiac arrest survivors in 
ICU and 7 non-critically ill 
controls 

E and P selectin levels and 
relationship to SIRS and 
sepsis 

sE-selectin-1 higher in post 
arrest vs controls but does not 
predict SIRS 

sE-selectin-1 higher in non-
survivors 

Hynninen 1999 (215) 

Finland 

9 ICU patients with 
pancreatitis and 11 with 
sepsis 

sILra and E selectin levels 
compared 

sE-selectin-1 does not 
differentiate between sepsis 
and pancreatitis 

sE-selectin-1 correlates with 
SOFA score but not mortality 

Presterl 1999 (211) 

Austria 

40 ICU patients with bacterial 
or fungal sepsis 

sE-selectin-1 lower in patients 
with candida sepsis compared 
to bacterial 

Takala 1999 (216) 

Finland 

20 hospitalised patients with 
community acquired sepsis, 8 
with organ failure and 12 
without plus healthy controls 

sE-selectin-1 associated with 
sepsis compared to controls.  

Not correlated with organ 
failure 
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Weigand 1999 (196) 

Germany 

14 surgical ICU patients with 
septic shock and 7 healthy 
controls 

sE-selectin level elevated in 
sepsis compared to controls 

Not predictive of mortality or 
disease severity 

Froon 1998 (197) 

Netherlands 

42 ICU patients with sepsis 
and ventilator associated 
pneumonia (VAP) 

Serial measures of sICAM E 
selectin and BPI and 
development of VAP 

sE-selectin higher in severe 
sepsis associated VAP but 
correlated poorly with SAPSII 

Kayal 1998 (198) 

France 

 ICU patients with severe 
sepsis or septic shock (25), 
ICU controls (7) or healthy 
controls (9) 

sICAM-1, sE-selectin, vWF 
antigen, lactoferrin and 
myeloperoxidase compared 
with severity and outcome 

sE-selectin-1 higher in sepsis 
than non-infected controls; 
higher in septic shock than 
severe sepsis 

sE-selectin-1 on day 0 higher 
in non-survivors than 
survivors 

Knapp 1998 (212) 

Austria 

ICU patients with gram 
positive sepsis (28), gram 
negative sepsis (11) and 
healthy controls (15) 

Prognostic value of a range of 
markers 

sE-selectin-1 higher in sepsis 
than in controls 

sE-selectin-1 higher in non-
survivors than survivors; does 
not differentiate gram positive 
from gram negative sepsis 

Boldt 1997 (201) 

Germany 

30 surgical ICU patients with 
post-operative sepsis 

Daily measurements over 5 
days 

sE-selectin-1 higher in sepsis 
than controls 

Cummings 1997 (217) 

USA 

ICU patients with sepsis (67), 
SIRS without sepsis (44) and 
ICU controls (8) 

sE selectin higher in culture 
positive than culture negative 
sepsis, SIRS and ICU controls 

sE-selectin-1 correlated with 
haemodynamic derangement 

Egerer 1997 (200) 

Germany 

24 ICU patients with sepsis or 
severe infection 

Daily measurement of sICAM-
1 and E-selectin up to 7 days 

sE-selectin-1 higher in 
patients with severe sepsis 
than sepsis without MOF 
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Takakuwa 1997 (199) 
 

Japan 
 

34 ICU patients with sepsis or 
trauma 

 sE-selectin-1 higher in sepsis 
than trauma 

 

Boldt 1996 (202) 
 

Germany 
 

30 ICU patients with 
postoperative sepsis or 
trauma 

 sE-selectin -1 higher in sepsis 
than in trauma 

 

Endo 1995 (205) 
 

Japan 

ICU patients with sepsis (15), 
sepsis with MOF (8) and MOF 
without sepsis (5) 

Inflammatory cytokine and 
adhesion markers between 
groups 

sE-selectin-1 higher in septic 
patients with and without 
MOF compared to MOF 
without sepsis 
 

Did not differ between sepsis 
patients with and without 
MOF 

Moss 1996 (203) 
 

USA 
 

ICU patients with sepsis (19), 
trauma (36) and controls 

Relationship with sepsis sE-selectin-1 higher in sepsis 
than trauma and controls 

 

Simons 1996 (218) 
 

USA 
 

50 patients with multi-trauma Relationship between 
endothelial activation and 
sepsis 

sE-selectin-1 higher in 
patients who developed sepsis 
or organ dysfunction 

sE-selectin-1 higher in non-
survivors vs survivors 

Cowley 1994 (207) 
 

UK 

ICU patients with sepsis (21), 
severe sepsis (14), ICU 
controls (5), healthy controls 
(85) 

Relationship between 
endothelial markers and SIRS, 
organ dysfunction and 
mortality 
 

sE-selectin-1 higher in sepsis 
than controls 

 

Newman 1993 (219) 
 

USA 

ICU patients with blood 
culture positive sepsis (17) 
and healthy controls (71) 

Relationship between sE-
selectin-1 and sepsis 

sE-selectin-1 higher in septic 
shock, not elevated in 
uncomplicated sepsis or 
controls 
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Table 7 Studies of Vascular Endothelial Growth Factor (VEGF) in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Hou 2017 (188) Subset of patients in ProCESS 

trial of early goal directed 
therapy in ED (n=605) 

Ang-2, Flt-1, VEGF and vWF 
measured at 3 time points 
over 24h 

Lower levels of VEGF at 
baseline and over 24h 
associated with increased 
mortality 

Vassiliou 2014 (186) 

Greece 

89 ICU patients without sepsis 
on admission 

Range of endothelial 
biomarkers measured and 
assessed against development 
of sepsis 

VEGF on admission not 
associated with subsequent 
development of sepsis 

Luz Fiusa 2013 (185) 

Brazil 

99 patients with febrile 
neutropenia.  

Ang-1/2, VEGF and Flt-1 to 
predict septic shock 

VEGF not predictive of septic 
shock (AUC 0.6) 

Yang 2011 (220) 

Taiwan 

Medical ICU patients with 
pneumonia with septic shock 
(81) and pneumonia without
organ dysfunction

Predictive value for 28 day 
mortality and organ 
dysfunction of VEGF and 
sVEGFR 

VEGF lower in septic shock VEGF did not predict 
mortality 

Shapiro 2008 (172) 

USA 

ED patients with septic shock 
(17), infection without shock 
(66) and non-infected
controls

VEGF and sFLT-1 and 
relationship with severity of 
illness and inflammation 

VEGF higher in septic shock 
and sepsis without shock 
compared to controls 

Correlation with illness 
severity 

Karlsson 2008 (221) 

Finland 

ICU patients with sepsis (250) 
and healthy controls (30) 

VEGF higher in sepsis than in 
controls but low VEGF levels 
associated with increased 
organ dysfunction 

VEGF lower in non-survivors 
than survivors 
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Kumpers 2008 (180) 

Germany 

43 medical ICU patients & 29 
healthy controls 

Ang-1, Ang-2 and VEGF 
prediction of 30 day survival 

Lower VEGF in all patient 
groups compared to controls 

No association with severity 
of sepsis 

Van der Heijden 2008 (181) 

Netherlands 

88 ventilated ICU sepsis 
patients and 24 non septic 
controls 

VEGF compared to indices of 
acute lung injury/acute 
respiratory distress (ARDS) 

VEGF higher in patients with 
sepsis than without 

Rafat 2007 (222) 

Netherlands 

ICU patients with sepsis (32) 
non-sepsis (15) and healthy 
controls (15) 

Relationship with severity of 
illness 

VEGF elevated in sepsis 
compared to non-septic 
patients 

Not related to mortality 

Van der Flier 2005 (223) 

Netherlands 

18 severe sepsis patients and 
40 healthy controls 

VEGF to predict sepsis and 
disease severity 

VEGF elevated in sepsis 
compared to healthy controls 

VEGF correlated with 
mortality 
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Table 8 Studies of Endothelin-1 in sepsis 

First Author & Year (Ref No) Population & setting (n) Methods Findings Comments 
Furian 2012 (210) 

Brazil 

45 ICU patients with severe 
sepsis or septic shock 

Relationship between 
echocardiographic findings 
and endothelial activation 

ET-1 levels associated with 
indices of cardiac function in 
sepsis 

Schuetz 2007 (224) 

Switzerland 

ICU patients (95) with SIRS, 
sepsis and septic shock 

Precursor molecules of Et-1 
and adrenomedullin 
measured in consecutive 
patients 

ET-1 increases with sepsis 
severity 

Not correlated with mortality 

Piechota 2007 (225) 

Poland 

Medical ICU patients with 
sepsis (20) 

Comparison of ET-1, CRP, 
procalcitonin NT-BNP, and 
SOFA score in sepsis 

ET-1 correlates with CRP, 
procalcitonin as sepsis 
severity 

Correlates with SOFA score 

Weitzberg 1991 (226) 

Sweden 

Patients with sepsis (6) and 
healthy controls (10) 

ET-1 elevated in sepsis 
compared to controls 

Pittet 1991 (227) 

Switzerland 

ICU patients with sepsis (11), 
postoperative controls (15) 
and healthy volunteers (14) 
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Table 9 Studies of Endocan in sepsis 
 
First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 

Pauly 2016 (231) 
 

Germany 
 

150 ICU patients with sepsis Endocan measured on 
admission 

Endocan higher in sepsis and 
higher levels associated with 
increased mortality 

 

Saldir 2015 (230) 
 

Turkey 
 

50 neonates of whom 30 had 
sepsis 

Measurement of Endocan, IL-6 
and sTREM-1 on admission to 
neonatal ICU 

Endocan inferior to Il-6 and 
sTREM-1 for predicting sepsis 

 

Palud 2015 (187) 
 

France 
 

20 ICU patients with septic 
shock 

Ang-2, E-selectin and Endocan 
measured at enrollment. 

No relationship between 
endocan and mortality 

Endocan on admission 
predicts respiratory failure in 
day 3 

Mihajlovic 2014 (229) 
 

Serbia 
 

60 ICU patients with sepsis Endocan, procalcitonin and C-
reactive protein measured on 
admission 

Endocan significantly 
associated with organ 
dysfunction 

Endocan only moderately 
predictive of mortality (AUC 
0.71) 

Scherpreel 2006  (193) 
 

France 
 

ICU patients with sepsis (63), 
non-sepsis SIRS (7) and 
healthy controls (20) 

Endocan as a marker in sepsis Elevated in sepsis and SIRS 
compared to healthy controls 

Higher in non-survivors than 
non-survivors, p<0.001 

Bechard 2000 (228) 
 

France 
 

ICU patients with septic shock 
(8) and healthy controls (20) 

 Significantly elevated in septic 
shock 
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Table 10 Studies of Soluble FLT (sFLT-1) in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Skibsted 2013 (208) 

USA 

Multicentre ED study of 
patients with infection, sepsis 
or septic shock (n=166) 

Range of endothelial markers 
measured and assessed 
against organ failure and 
mortality 

sFlt-1 strongly associated with 
organ failure  

Good mortality prediction 
AUC 0.87 (0.79-0.95) 

Luz Fiusa 2013 (185) 

Brazil 

99 patients with febrile 
neutropenia.  

Ang-1/2, VEGF and Flt-1 to 
predict septic shock 

sFlt-1 poorly predictive of 
septic shock (AUC 0.57) 

Schuetz 2011 (189) 

USA 

ED patients with hypotension: 
sepsis (69) cardiac (35) 
hemorrhage (12) unknown 
(12) 

Multiple markers of 
endothelial activation assayed 
to determine specificity for 
sepsis 

sFLT-1 higher in sepsis 
compared to non-sepsis and 
independently associated to 
discriminate sepsis from non-
sepsis (ROC AUC 0.70) 

Shapiro 2010 (190) 

USA 

ED patients with sepsis 
without organ dysfunction 
(71), severe sepsis (66) septic 
shock (71) and non-infected 
controls 

Measurement of multiple 
markers of endothelial 
dysfunction in ED 

sFLT elevated with increasing 
disease severity 

Correlated with APACHE and 
SOFA scores 

Shapiro 2008 (172) 

USA 

ED patients with septic shock 
(17), infection without shock 
(66) and non-infected controls

VEGF and sFLT-1 and 
relationship with severity of 
illness and inflammation 

sFLT elevated in septic shock 
with non-infected controls 

Correlated with lacatate, 
APACHE and SOFA. Predicted 
mortality 
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Table 11 Studies of Von Willebrand factor in sepsis 

First Author & Year (Ref No) Population & setting (n) Methods Findings Comments 
Hou 2017 (188) 

USA 

Subset of patients in ProCESS 
trial of early goal directed 
therapy in ED (n=605) 

Ang-2, Flt-1, VEGF and vWF 
measured at 3 time points 
over 24h 

vWF significantly associated 
with mortality 

No difference in vWF 
expression across treatment 
groups 

Claus 2009 (232) 

Germany 

ICU patients with severe 
sepsis (11), cardiac surgery 
(46) and healthy controls (6)

vWF and ADAMTS13 
measured serially compared 
between groups 

vWF higher in sepsis and non-
elective cardiac surgery 

Discriminates between 
survivors and non-survivors 

Bockmeyer 2008 (233) 

Germany 

ICU patients with sepsis (11) 
and 46 cardiac surgery 
patients 

vWF and ADAMTS13 
measured serially compared 
between groups 

vWF higher in sepsis and non-
elective cardiac surgery than 
ICU controls 

vWF correlated with mortality 

Van der Heijden 2008 (181) 

Netherlands 

88 ventilated ICU sepsis 
patients and 24 non septic 
controls 

Measurement of Ang-1/Ang-2 
and vWF relationship with 
ARDS in sepsis 

vWF predictive of ARDS and 
higher in patients with sepsis 

vWF correlated with mortality 

Kremer Hovinga 2007 (234) 

Switzerland 

ICU patients with septic shock 
(40) and healthy controls (40)

ADAMTS-13 and vWF 
relationship with illness 
severity and outcome 

vWF activity higher in sepsis 
than controls 

Not correlated with disease 
severity or outcome 

Martin 2007 (235) 

France 

ICU patients with severe 
sepsis (30), non-septic organ 
failure (29) and healthy 
controls (30) 

ADAMTS-13 and vWF activity 
and relationship to sepsis 

VWF antigen was higher in 
patients with severe sepsis 
than in patients with organ 
failure unrelated to sepsis and 
healthy subjects 

No association with survival 

Scherpreel 2006 (193) 

France 

63 ICU patients with sepsis 
and 20 healthy controls 

Primarily a study of Endocan 
as a marker in sepsis 

vWF higher in sepsis than in 
non-sepsis SIRS 

vWF correlated with mortality 
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Ware 2001 (236) 

USA 

ICU patients (51) with 
ALI/ARDS 

vWF measured in plasma and 
pulmonary aspirates 

Plasma vWF factor antigen 
higher in sepsis and organ 
failure 

Independently associated 
with mortality 

Garcia-Fernandez 2000 (237) 

Spain 

40 ICU patients with SIRS due 
to infection (19) and non-
infectious (21)  

Multiple markers of 
haemostasis in sepsis and 
SIRS 

vWF higher in sepsis 

Bajaj 1999 (238) 

USA 

ICU patients with ARDS (18), 
at risk of ARDS (15) and 
healthy controls (27) 

vWF, thrombomodulin and 
tissue factor pathway 
inhibitor to predict ARDS 

vWF does not differentiate 
patients with ARDs due to 
sepsis from non-sepsis ARDS 

Kayal 1998 (198) 

France 

 ICU patients with severe 
sepsis or septic shock (25), 
ICU controls (7) or healthy 
controls (9) 

sICAM-1, sE-selectin, vWF 
antigen, lactoferrin and 
myeloperoxidase compared 
with severity and outcome 

vWF higher in sepsis than 
non-infected ICU controls 

vWF higher in septic shock 
and correlated with mortality 

Moss 1996 (203) 

USA 

ICU patients with sepsis (19), 
trauma (36) and controls 

Relationship with sepsis vWF higher in sepsis than 
trauma and controls 

Moss 1995 (239) 

USA 

ICU patient s at risk of ARDS 
from multiple aetiologies 

Comparison of vWF between 
sepsis and non-sepsis groups 

vWF not predictive of 
development of ARDS 

Lorente 1993 (241) 

Spain 

ICU patients (48) with septic 
shock 

Measurement of multiple 
haemostatic markers 

vWF not predictive of 
mortality 

Rubin 1990 (240) 

USA 

45 patients with non 
pulmonary sepsis with 
associated lung injury (15) an 
no lung injury (30) 

vWF and relationship with ALI vWF higher in those who 
developed ALI 

Associated with mortality 
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Table 12 Studies of ADAMTS-13 in sepsis 

First Author & Year (Ref no) Population & setting (n) Methods Findings Comments 
Claus 2009 (232) 

Germany 

ICU patients with severe 
sepsis (11), cardiac surgery 
(46) and healthy controls (6)

vWF and ADAMTS13 
measured serially compared 
between groups 

ADAMTS-13 activity lower in 
sepsis  

Correlated with mortality 

Bockmeyer 2008 (233) 

Germany 

ICU patients with sepsis (11) 
and cardiac surgery patients 
(46) 

vWF and ADAMTS13 
measured serially compared 
between groups 

ADAMTS-13 activity lower in 
sepsis 

Correlated with mortality 

Kremer Hovinga 2007 (234) 

Switzerland 

ICU patients with septic shock 
(40) and healthy controls (40)

ADAMTS-13 and vWF 
relationship with illness 
severity and outcome 

ADAMTS-13 activity lower in 
sepsis than controls 

Not related to disease severity 
or outcome 

Martin 2007 (235) 

France 

ICU patients with severe 
sepsis (30), non-septic organ 
failure (29) and healthy 
controls (30) 

ADAMTS-13 and vWF activity 
and relationship to sepsis 

ADAMTS-13 activity lower in 
sepsis than non-sepsis related 
organ failure 

Correlated with organ failure 
and mortality 
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APPENDIX 1 

SEPSIS DEFINITIONS 
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   Sepsis 2 (2001) Consensus Definition (Reference 29) 

Infection (documented or suspected) and some of the following: 

General	parameters	
Fever (core temperature >38.3°C) 
Hypothermia (core temperature <36°C 
Heart rate >90 bpm or >2 SD above the normal value for age 
Tachypnea: >30 bpm 
Altered mental status 
Significant edema or positive fluid balance (>20 ml/kg over 24 h) 
Hyperglycemia (plasma glucose >110 mg/dl or 7.7 mM/l) in the absence of 
diabetes 

Inflammatory	parameters	
Leukocytosis (white blood cell count >12,000/μl) 
Leukopenia (white blood cell count <4,000/μl) 
Normal white blood cell count with >10% immature forms 
Plasma C reactive protein >2 SD above the normal value 
Plasma procalcitonin >2 SD above the normal value 

Hemodynamic	parameters	
Arterial hypotension (systolic blood pressure <90 mmHg, mean arterial 
pressure <70,or a systolic blood pressure decrease >40 mmHg in adults or 
<2 SD below normal for age) 
Mixed venous oxygen saturation >70% 
Cardiac index >3.5 l min−1 m−2 
Organ dysfunction parameters 
Arterial hypoxemia (PaO2/FIO2 <300) 
Acute oliguria (urine output <0.5 ml kg−1 h−1 or 45 mM/l for at least 2 h) 
Creatinine increase ≥0.5 mg/dl 
Coagulation abnormalities (international normalized ratio >1.5 or 
activated partial thromboplastin time >60 s) 
Ileus (absent bowel sounds) 
Thrombocytopenia (platelet count <100,000/μl) 
Hyperbilirubinemia (plasma total bilirubin >4 mg/dl or 70 mmol/l) 

Tissue	perfusion	parameters	
Hyperlactatemia (>3 mmol/l) 
Decreased capillary refill or mottling 
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Sepsis 3 (2016) Consensus Definition (Reference 1) 

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated 
host response to infection. 

• Organ dysfunction can be identified as an acute change in total SOFA score
≥2 points consequent to the infection.

• The baseline SOFA score can be assumed to be zero in patients not known to
have preexisting organ dysfunction.

• A SOFA score ≥2 reflects an overall mortality risk of approximately10% in a
general hospital population with suspected infection. Even patients
presenting with modest dysfunction can deteriorate further, emphasizing
the seriousness of this condition and the need for prompt and appropriate
intervention, if not already being instituted.

• In lay terms, sepsis is a life-threatening condition that arises when the
body’s response to an infection injures its own tissues and organs.

• Patients with suspected infection who are likely to have a prolonged ICU
stay or to die in the hospital can be promptly identified at the bedside with
qSOFA, i.e., alteration in mental status, systolic blood pressure_100mmHg,
or respiratory rate_22/min.

• Septic shock is a subset of sepsis in which underlying circulatory and
cellular/metabolic abnormalities are profound enough to substantially
increase mortality.

• Patients with septic shock can be identified with a clinical construct of
sepsis with persisting hypotension requiring vasopressors to maintain MAP
≥65mmHg and having a serum lactate level >2 mmol/L (18mg/dL) despite
adequate volume resuscitation. With these criteria, hospital mortality is in
excess of 40%.

Abbreviations:	MAP,	mean	arterial	pressure;	qSOFA,	quick	SOFA;
SOFA:	Sequential	[Sepsis-related]	Organ	Failure	Assessment.
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APPENDIX 2 

Mortality in Emergency Department Sepsis (MEDS) Score 

Terminal illness  � 	No			� 	Yes	è 6 points 
Age >65 years � 	No			� 	Yes	è 3 points 
Tachypnoea or hypoxia � 	No			� 	Yes	è 3 points 
Shock � 	No			� 	Yes	è 3 points 
Platelets <150x109/L � 	No			� 	Yes	è 3 points 
Altered mental state � 	No			� 	Yes	è 2 points 
Nursing home resident � 	No			� 	Yes	è 2 points 
Lower respiratory infection � 	No			� 	Yes	è 2 points 

MAXIMUM SCORE if all variables present 24 points TOTAL = 

Mortality in ED Sepsis (MEDS) score (53), excluding neutrophil bands >5% giving maximal total score of 24 
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APPENDIX 3

Sequential Organ Failure Assessment (SOFA) Score 

Sequential Organ Failure Assessment (SOFA) score  (30) , as modified by Panharipande to include FiO2/SpO2 or supplemental oxygen where the 
PaO2 is not measured or patient is not ventilated . SBP-systolic blood pressure; GCS-Glasgow Coma Scale 

SYSTEM O 1 2 3 4 
RESPIRATORY PaO2/FiO2  

SpO2/FiO2 
SpO2 

>400
>400
>94% (RA)
+/- resp support

<400 
<400 
≥90% on 6lpm 
+/- resp support 

<300 
<315 
<90% on >6lpm 
+/- resp support 

<200 
<235 

+resp support

100 
<150 

+resp support
CARDIOVASCULAR Blood  

pressure 
(mmHg) 
+ 
Vasopressor 
(μg/kg/min) 

SBP>90 
at all times 

SBP>90 
after fluid  
bolus 20ml/kg 

SBP <90mmHg 
despite fluid  
bolus 

Dopamine≤5 Dopamine >5 
NA ≤0.1 

Dopamine>15 
NA>0.1 

HAEMATOLOGICAL Platelets 
(x109/L) 

>150 100-150 50-99 20-49 <20 

GASTROINTESTINAL Bilirubin 
(μmol/L) 

<20 20-32 33-101 102-204 >204

NEUROLOGICAL GCS 15 13-14 10-12 6-9 3-5
RENAL Creatinine 

(μmol/L) + 
urine output (ml/kg/hr)

<110 >110-170
or
<0.5 for

2hours

>171-300 301-440 >440
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APPENDIX 4 

Predisposition Insult Response Organ Failure (PIRO) Score 

PIRO SCORE 

Predisposition Insult Response Organ failure 
Points Points Points Points 

Age 
    <65 years 0 Pneumonia 4 Urea >8mmol/L 2 

65-80 years 1 Skin/soft tissue inf’n 0 Resp rate >20/minute 3 Resp failure/hypoxaemia 3 
>80 years 2 Any other infection 2 Heart rate >120/minute 2 Lactate >4mmol/L 3 

COPD 1 Systolic Blood pressure 
Liver disease 2    <70mmHg 4 
Nursing home resident 2 70-90mmHg 2 
Malignancy >90mmHg 0 
   without metastases 1 Platelet count <150,000mm3 2 
   with metastases 2 

Total possible P score 9 Total possible I score 4 Total possible R score 5 Total possible O score 14 

P+I+R+O=PIRO score 

PIRO score developed by Howell et	al for use in the Emergency Department. (64).  COPD – Chronic Obstructive Pulmonary Disease 
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APPENDIX 5 

Methodology of Critical Illness and Shock (CISS) 

study 

Arendts et	al. Emerg Med Australas, 2012;24:31-36 
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CISS is a prospective observational study undertaken at Royal Perth 

Hospital, a tertiary adult referral hospital (annual ED census 70,000) and 

Armadale Health Service, a mixed urban general hospital (annual ED 

census 50,000) between 2010 and 2016. Patients meeting predefined 

criteria for critical illness on arrival (see eligibility criteria below) or who 

developed these in ED, and presenting during rostered research nurse 

hours (0700-2100 7 days per week), were recruited into the study. Data 

was collected along with research blood samples collected at multiple time 

points over the first 24 hours of the hospital stay. Patients were excluded 

if they were <16 years, were designated not for active resuscitation or for 

palliative care, and if the presenting features were due entirely to an 

underlying chronic disease.  

Research blood sampling includes two 4m EDTA plasma tubes, a 3.5ml 

serum tube and two 2.5ml RNA PAXgene (PreAnalytix, Hombrechtikon, 

Switzerland) tubes. Samples are collected at enrolment (T0), 3-hours (T3), 

6-hours (T6) and 12-24 hours (T24) later. Research samples are

centrifuged at 2500rpm and aliquoted in 250μL aliquots before freezing at

-80Oc for subsequent batch analysis. Data collection includes baseline

demographic, clinical and laboratory variables, management interventions

and disposition from ED. Outcomes include daily SOFA scores to day 3 and

living status at 28 days and 1 year. The study is approved by the Royal

Perth Hospital Human Research Ethics Committee. This approval includes

enrolment under an initial waiver of consent to enable timely collection of

blood samples and data in those critically ill patients unable to provide

prospective consent. Patients recovering from their illness are able to

affirm their agreement to ongoing participation, or to withdraw from the

study and have their samples discarded.
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Box 1. Critical Illness and Shock Study inclusion criteria 

Include if any of the following present on arrival to the ED: 

1. Shock – ANY cause (e.g. septic, traumatic, haemorrhagic,
cardiogenic, anaphylactic), with any of:

(i) systolic blood pressure (SBP) _ 90 mmHg, or
(ii) mean arterial pressure (MAP) _ 65 mmHg, or
(iii) heart rate (HR) _ SBP (i.e. shock index HR/SBP >1), or
(iv) lactate >= 4 mmol/L

2. Hypoxaemic respiratory failure – ANY cause (e.g. infective,
traumatic, cardiogenic, non-cardiogenic), with either:

(i) keeping SaO2 > 90% requiring > 6 L/min O2 by face
mask, or 

(ii) PaO2 (mmHg)/FiO2 < 200 (Ventilated, BiPAP, Venturi
mask) 

3. Post-cardiac arrest, i.e. any spontaneous circulation in ED post-
arrest

4. Severe sepsis, defined as: sepsis (likely infection +2 or more of;
temp >38 or <36, HR >90, respiratory rate >20, white cell count
>12 or <4) plus either:

(i) shock or hypoxaemic respiratory failure as defined
above, or 

(ii) organ dysfunction (oliguria/acute renal failure or acute
altered mental state)

5. Acute anaphylaxis defined as a reaction, which at the time of
enrolment involves two or more organ systems:

Skin: generalized erythema or itch, urticaria, angiooedema 
Gastrointestinal tract: nausea, vomiting, abdominal or pelvic 
pain, incontinence 
Respiratory system: dyspnoea, wheeze, stridor, chest  
tightness, hypoxaemia (SaO2 _ 92%) 
Cardiovascular system: diaphoresis, dizziness/presyncope, 
collapse, altered mental state, hypotension (SBP < 90/MAP < 
65, or relative BP drop of >30% from normal for that  
individual) 



203 

APPENDIX 6 

SUPPLEMENTARY MATERIAL – CHAPTER 4 
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Supplement 1 – See Appendix 2 

Supplement 2 – See Appendix 3 

Supplement 3 – See Appendix 4 

Supplement 4 – Inspired oxygen conversion chart for estimation of FiO2 

NASAL CANNULAE 
1LPM=0.24 
2LMP=0.28 
3LPM=0.32 
4LPM=0.36 

HUDSON OXYGEN MASK 
5-6LPM=0.4
6-7LPM=0.5
7-8LPM=0.6

HUDSON MASK WITH NON-REBREATHER BAG 
10-15LPM=0.7-0.85

Supplement 5 

Sensitivity analysis comparing ROC AUC for PIRO, MEDS and SOFA scores 
for patients admitted to ICU (n=105) versus not admitted to ICU (n=135) 

PIRO Score 
ICU Admit YES 0.87 (0.78, 0.95) p=0.94 

NO 0.87 (0.79, 0.95) 
MEDS Score 

ICU Admit YES 0.75  (0.62, 0.93) p=0.14 
NO 0.85  (0.78, 0.87) 

SOFA SCORE 
ICU ADMIT YES 0.78 (0.66, 0.88) P=0.31 

NO 0.85 (0.76, 0.93) 

Pairwise comparison of ROC AUC for ICU admitted patients only 
(n=105) 

PIRO vs MEDS  p=0.02 
PIRO vs  SOFA p=0.08 
MEDS vs SOFA p=0.56 
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SUPPLEMENTARY MATERIAL CHAPTER 5 
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Source (n) Total N SEPSIS IHM/ICU≥72h 
N (%) AUC (95% CI) N (%) AUC (95% CI) 

Respiratory 146 62 (42) 0.75 (0.66-
0.83) 

27 (18) 0.63 (0.51-0.75) 

Urinary 55 27 (49) 0.54 (0.39-
0.69) 

5 (9) 0.81 (0.67-0.94) 

Skin 37 13 (35) - 3 (8) - 
Bloodstream 12 8 (67) - 0 (0) - 
Bone/joint 4 3 (75) - 2 (50) - 
Abdominal 24 8 (33) - 5 (21) - 
Other 11 7 (64) - 3 (27) - 
Unknown 34 15 (44) - 5 (15) - 

All non-urinary 268 108 
(40) 

0.69 (0.62-
0.75) 

72 (26) 0.64 (0.56-0.74) 

Bacteremia 79 51 (65) 0.54 (0.39-
0.67) 

21 (26) 0.64 (0.50-0.78) 

Supplemental Table S1 Areas under receiver operator characteristic (AUC) with 
95% confidence interval for mean StO2 to identify sepsis (SOFA score ≥2 points) 
and composite of in-hospital mortality/ICU admission≥72 hours (IHM/ICU>72h) 
across subgroups by source of infection and by the presence of bacteremia on 
blood culture. Results not reported for subgroups where n<50 due to samples 
being too small to generate meaningful results. 

Supplemental Figure S1 Scatterplot of initial (T0) StO2 against peak SOFA 
score (SOFA = Sequential Organ Failure Assessment) 
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Supplemental Figure S2 Scatterplot of change in StO2 between T0 and 
against peak SOFA score (SOFA=Sequential Organ Failure Assessment) 

Supplemental Figure S3 Boxplots of StO2 (mean T0 and T3) at each 
qSOFA score (qSOFA = ‘quick’ Sequential Organ Failure Assessment 
comprising one point for each of systolic blood pressure <100mmHg, 
respiratory rate ≥22/minute and altered mentation) 
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Figure S1 Summary flowchart of the participant screening and 

randomisation process

346 enrolled in CISS 

6318 screened for CISS 
enrolment 

97 with sepsis 

5972 Not enrolled 
5948 Did not meet enrolment  

criteria 
24 Declined consent 

249 excluded 
244 not sepsis 
5 transfer from other hospital 

27 enrolled in study 

70 excluded 
40 less than 3 sample time points 
30 insufficient quality or quantity   
mRNA 



 

210 

Table S1 Primer sequences for qPCR expression analysis 
Target Forward Primer 5’-3’ Reverse Primer 5’-3’ Amplicon 

Length bp 

Tm0C 

ADM CCGGGCTCGCTGACGTGAAG CCGGACTGCTGTCTTCGGGG 96 65 

MCP-1 GCTCGCTCAGCCAGATGCAATCA CGCGAGCCTCTGCACTGAGA 85 65 

MIP-1B CGCGAGCCTCTGCACTGAGA GGCTGGGAGCAGAGGCTGCT 124 67 

FASLG ATAGGCCACCCCAGTCCACCC TGGACTTGCCTGTTAAATGGGCCAC 70 67 

IL10 GGCTACGGCGCTGTCATCGATT GCATTCTTCACCTGCTCCACGG 70 64 

IL6 GCAGCAAAGAGGCACTGGCAGAA CCAGGCAAGTCTCCTCATTGAATCC 99 68 

IL8 TTCCAAGCTGGCCGTGGCTCT TTGGCAAAACTGCACCTTCACACA 74 67 

NGAL ACGGGAGAACCAAGGAGCTGACT ACACTGGTCGATTGGGACAGGGA 113 66 

RETN CTTGCCCCCGAGGCTTCGC CGCTCCGGTCCAGTCCATGC 119 66 
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TLR2 AGCAGCAAGCACTGGCCAAAGT GCTGGCCACGCACATGGGAT 81 67 

TLR4 GCCCTGCGTGGAGGTGGTTCC GAGAAGGGGAGGTTGTCGGGGAT 84 66 

UPAR CACCGGCACTCACGAACCGAAA CCCAGGTGGGCATGTTGGCAC 84 67 

GAPDH TCTCTGCTCCTCCTGTCGA CCCAATACGACCAAATCCGTTG 119 60 

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 94 60 

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 94 60 

Full gene sequences were obtained from NCBI Reference Sequence database. Primers were designed across exon boundaries where 

possible, Oligo Calc was used to ensure the absence of secondary structures such as hairpins, 3’complimentarity and self 

complementarity. MFE primer 2 and BLAST were used to determine primer specificity. Ensembl genome browser was used to 

examine transcripts for the presence/absence of multiple transcripts and optimal primer locations. Primer purification was by standard 

desalting. Samples were assessed for inhibition and contamination by amplification of serial dilutions of RNA, a no RT control and a 

no template were included in every run. 
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Table S2 Clinical characteristics 

Group Age/Sex Diagnosis Organism* Source LOS (days) Outcome 
28 days 

Clinical Summary 

1 78 M Hepatic abscess 21 Alive Initial admission with presumed pneumonia, transferred to ICU 
for observation due to persistent tachycardia on day 3. CT scan 
– hepatic abscess - drained percutaneously. Discharged on IV
antibiotics.

1 83 M Wound infection S	Pneumonia	 Blood 5 Alive Infected tracheostomy site. IV antibiotics on ward. 
1 73 M Viral 

pneumonitis 
4 Alive Fever cough and dyspnea. Treated with antibiotics and 

oseltamivir on ward. 
1 25 F Mastitis 4 Alive Fever and headache. Initial workup for meningitis negative. 
1 19 M Pneumonia 1 Alive Lobar pneumonia – initial IV antibiotics then discharged home. 
1 35 M Skin abscess 3 Alive Perianal abscess treated with IV antibiotics on ward. 
1 54 M Skin abscess S	Aureus	 Pus 2 Alive Infected skin wound – IV antibiotics on ward. 
1 22 F Skin abscess S	Aureus	 Blood 15 Alive Intravenous drug user – S	Aureus bacteraemia without 

endocarditis. IV antibiotics on ward. 
1 27 F Pyelonephritis Enterococcus	 Urine 5 Alive Acute pyelonephritis – IV antibiotics on ward. 
1 52 F Pneumonia 6 Alive Hypostatic pneumonia due to multiple sclerosis. IV antibiotics 

on ward. 

2 85 M Cellulitis 12 Died Admitted with bilateral cellulitis with respiratory/ renal failure. 
Day 10 developed acute small bowel perforation and elected for 
non-operative management. Palliated and died. 

2 60 M Pneumonia 2 Alive Atypical pneumonia with acute kidney injury (creatinine 
225umol/L) – responded to fluid resuscitation on ward. 

2 56 M Necrotizing 
fasciitis 

32 Alive Rapidly progressive forearm cellulitis requiring surgical 
debridement. Intubated for respiratory distress day 2 of 
admission. Influenza isolated from sputum by PCR.  

2 73 F Urosepsis E	Coli	 Urine 6 Alive Septic shock on background of hepatic carcinoma. 
Fluids/antibiotics and vasopressors on ward. 
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2 67 M Cellulitis 19 Alive Septic shock requiring noradrenalin infusion in ICU. 
Background of lymphoma (in remission). 

2 66 F Urosepsis 19 Alive Altered conscious state with fever and high lactate. 
2 80 M Cholecystitis E	Coli	 Blood 14 Alive Gram-negative sepsis with shock requiring vasopressors in ICU. 
2 35 F Pneumonia S	Pneumonia	 Sputu

m 
10 Alive Lobar pneumonia with septic shock requiring vasopressors in 

ICU 
2 59 M Pneumonia S	Pneumonia	 Sputu

m 
6 Alive Lobar pneumonia with septic shock requiring vasopressors in 

ICU. 
2 86 M Urosepsis K	Pneumonia	 Urine 

& 
blood 

7 Alive Nursing home resident with gram-negative sepsis and high 
lactate. Managed on ward. 

2 74 F Septic shock 
presumed from 
radiation colitis 

S	Pyogenes	 Blood 7 Alive Septic shock requiring vasopressors in ICU. Radiotherapy for 
cervical carcinoma. 

2 85 M Gram negative 
sepsis 

P	Aeruginosa	 Blood 1 Died Nursing home resident with gram-negative sepsis. Managed in 
ward. Died day 2. 

2 66 F Urosepsis E	Coli	 Urine 
and 
blood 

8 Alive Acute renal failure with septic shock requiring vasopressors in 
ICU. 

2 80 M Gram negative 
sepsis 

Capnocytophaga	 Blood 18 Alive Gram-negative sepsis with multi-organ failure. 

2 33 M Septic shock S	Pyogenes	 Blood 13 Alive Intravenous drug user, multiple skin lesions, multi-organ 
failure managed in ICU. 

2 71 F Meningococcal 
sepsis 

N	Meningitis	 Blood 17 Died Shock and progressive multi-organ failure. Died day 17 in ICU. 

2 52 M Gastroenteritis 6 Alive Diarrheal illness and septic shock requiring vasopressors in 
ICU. Cultures negative. 

Group 1 – Infection with SIRS/uncomplicated sepsis. Group 2 – severe sepsis/septic shock. *Organism isolated from sample collected 
within first 24h of admission.  
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Table S3 Target gene expression in uncomplicated and severe sepsis over time by qPCR 

Target gene expression Uncomplicated sepsis 
(n=10)* 

Severe sepsis/septic shock 
(n=17)* 

Median (IQR) Median (IQR) p1 p2 p3 

Adrenomedullin 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

0.23(-0.05-0.44)# 

0.31(-0.16-0.44) 

0.13(-0.49-0.35) 

0.20(-0.02-0.78) 

0.02 (-0.29-0.30) 

-0.04(-0.22-0.12)

-0.01(-0.31-0.33)

0.17(-0.18-0.21)

0.219 

0.077 

0.949 

0.465 

0.532 0.338 

MCP-1 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

0.47(-0.33-0.94) 

0.19(-0.57-0.72) 

0.19(-0.34-0.90) 

0.20(-0.52-0.76) 

-0.12(-0.57-0.50)

-0.27(-0.96-0.11)

-0.33(-0.45-0.16)

-0.45(-0.67-0.62)

0.205 

0.133 

0.197 

0.394 

0.210 0.097 

MIP-1β 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

-0.15(-0.36-0.26)

-0.33(-0.41-0.77)

-0.23(-0.41- -0.02)

-0.03(-0.23-0.56)

-0.18(-0.54-0.89)

-0.42(-0.64-0.29)

0.15(-0.42-0.25)

0.33(-0.13-0.57)

0.880 

0.243 

0.439 

0.685 

0.742 0.138 

FasL 

T0 

1-2 hours post-T0

3-6 hours post-T0

0.08(-0.33-0.34) 

-0.03(-0.24-0.35)

-0.06(-0.46-0.17)

-0.11(-0.44-0.44)

-0.50(-0.88-0.13)

0.08(-0.15-0.19)

0.651 

0.133 

0.302 

0.597 0.305 
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12-30 hours post-T0 0.62(0.05-0.76) -0.14(-0.4-0.11) 0.028 

IL-6 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

-0.09(-0.33-0.14)

0.11(-0.44-0.29)

-0.13(-0.35-0.11)

-0.09(-0.17-0.37)

-0.04(-0.37-0.16)

-0.27(-0.54-0.09)

-0.20(-0.30-0.15)

-0.01(-0.04-0.21)

0.920 

0.243 

0.747 

0.372 

0.019 0.099 

IL-10 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

-0.19(-0.26-0.005)

0.04(-0.19-0.27)

0.05(-0.37-0.24)

0.30(-0.28-0.43)

0.22(-0.14-0.48) 

0.18(0.10-0.42) 

0.37(0.15-0.52) 

-0.07(-0.15-0.57)

0.035 

0.102 

0.033 

0.570 

0.168 0.767 

IL-8 

T0 

1-2 hours post-T0
3-6 hours post-T0

12-30 hours post-T0

-0.63(-0.79- -0.002)

-0.41(-0.62-0.09)
-0.25(-0.87- -0.03)

-0.30(-0.35-0.64)

-0.26(-0.41-0.58)

-0.06(-0.51-0.20)
-0.07(-0.36-0.72)

0.07(-0.24-0.73)

0.108 

0.367 
0.175 

0.465 

0.317 0.427 

NGAL 
T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

-0.56(-0.61- -0.05)

-0.15(-0.61-0.26)

-0.27(-0.60-0.21)

-0.21(0.67-0.51)

0.38(-0.23-0.73) 

0.30(-0.28-0.76) 

0.38(-0.63-0.67) 

-0.15(-0.44-0.75)

0.007 

0.102 

0.366 

0.570 

0.096 0.462 

Resistin 

T0 -0.21(-0.42-0.14) 0.22(-0.21-0.75) 0.056 0.873 0.889 
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1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

0.02(-0.56-0.55) 

0.14(-0.56-0.35) 

0.22(-0.28-0.40) 

0.42(-0.29-0.74) 

0.27(-0.20-0.78) 

0.41(-0.73-0.66) 

0.193 

0.273 

0.570 

TLR2 

T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

0.14(-0.13-0.29) 

0.14(-0.17-0.27) 

0.21(-0.04-0.45) 

0.02(-0.24-0.39) 

-0.07(-0.25-0.21)

-0.04(-0.35-0.02)

-0.17(-0.35-0.27)

0.04(-0.05-0.50)

0.451 

0.030 

0.175 

0.465 

0.877 0.542 

TLR4 

T0 

1-2 hours post-T0
3-6 hours post-T0

12-30 hours post-T0

0.06(-0.15-0.39) 

0.15(0.01-0.33) 
0.21(-0.30-0.36) 

-0.17(-0.33-0.18)

0.05(-0.35-0.17) 

-0.05(-0.30-0.21)
0.06(-0.44-0.22)

-0.17(-0.34-0.60)

0.292 

0.077 
0.156 

0.935 

0.329 0.848 

UPAR 
T0 

1-2 hours post-T0

3-6 hours post-T0

12-30 hours post-T0

0.11(-0.12-0.43) 

0.25(-0.40-0.40) 

0.17(-0.18-0.46) 

0.17(-0.02-0.32) 

-0.07(-0.42-0.46)

-0.26(-0.57-0.13)

0.07(-0.55-0.29)

0.27(-0.18-0.33)

0.340 

0.133 

0.302 

0.935 

0.606 0.024 

1p value for the difference between uncomplicated and severe sepsis/septic shock (Mann Whitney). P values in bold remain 
significant after Bonferroni correction (p<0.013) 
2p value for change over time for uncomplicated sepsis (Skillings Mack) 
3p value for change over time for severe sepsis/septic shock (Skillings Mack) 
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*At T0, data was available from n=10 uncomplicated sepsis and n=17 severe sepsis/septic shock, at 1-2 hours post-T0, data was
available from n=9 uncomplicated sepsis and n=13 severe sepsis/septic shock, at 3-6 hours post-T0, data was available from n=8
uncomplicated sepsis and n=15 severe sepsis/septic shock and at 12-30 hours post-T0, data was available from n=5 uncomplicated
sepsis and n=7 severe sepsis/septic shock.
# results are presented as Calculated Normalised Relative Quantity (CNRQ)
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SUPPLEMENTARY MATERIAL CHAPTER 7 



Supplementary Figure 1 Scatterplots for Resistin (x axes) v (A) IL-6, (B) I-10, 

(C) VCAM-1, (D) ICAM-1 at T0, T1, T3 and T24, with LOWESS (Red) and Fitted

(Green) regression lines

Supplementary Figure 2 Scatterplots for NGAL (x axes) v (A) IL-6, (B) IL-10, 

(C) VCAM-1, (D) ICAM-1 at T0, T1, T3 and T24, with LOWESS (Red) and Fitted

(Green) regression lines
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Supplementary Table 1 Relationships between Resistin and inflammatory and endothelial adhesion biomarkers over time from linear 

mixed (random effects) models 

Marker Time point Coefficient 95% CI P value 

IL-6 T0 0.0047586 0.002964 0.0065531 <0.001 

T1 -0.0003116 -0.0017215 0.0010983 0.665 

T3 0.0009073 -0.0005487 0.0023632 0.222 

      T24 -0.001925 -0.0037542 -0.0000959 0.039 

IL-10        T0 0.0044336 0.0029957 0.0058716 <0.001 

T1 -0.0000298 -0.0011351 0.0010756 0.958 

       T3 0.00073 -0.0004061 0.0018661 0.208 

       T24 -0.0018172 -0.0032752 -0.0003591 0.015 

VCAM-1     T0 0.0008512 0.0002291 0.0014732 0.007 

        T1 -0.0002413 -0.0007119 0.0002294 0.315 

        T3 -0.0004389 -0.0009248 0.000469 0.077 

        T24 -0.0004957 -0.0011096 0.0001182 0.114 

ICAM-1       T0 0.0009365 0.0002161 0.0016569 0.011 

T1 -0.0003024 -0.0008352 0.0002304 0.266 
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T3 -0.0006108 -0.0011606 -0.000061 0.029 

 T24 -0.0002223 -0.000919 0.0004743 0.532 

Coefficients and p values at T0 represent association between Resistin and log-transformed marker. Coefficients and p values at 

T1, T3, T4 represent the interaction of Resistin and time point in the model so represent the difference in association between 

Resistin and marker at that time point compared to T0. 
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Supplementary Appendix Logistic Regression Models – biomarkers at T0    

Septic Shock (n=184) 
Septic_Shock Odds 

Ratio 

95% Conf.Interval P value 

ln_RETN 2.30 1.57 3.39 <0.001 

ln_VCAM 1.68 1.11 2.54 0.015 

ln_Lactate 1.37 .86 2.16 0.184 

constant .0001 2.20e-

08 

0.006 <0.001 

H-L p value 0.64

Mortality (n=182) 

Died30 Odds 

Ratio 

95% Conf. 

Interval 

P value 

ln_NGAL 1.59 1.02 2.50 0.004 

ln_Lactate 2.90 1.58 5.32 0.001 

CCS 1.16 0.97 1.39 0.107 

Age 1.03 0.99 1.061 0.078 

constant .0005 .00001 0.0201 <0.001 

H-L p value 0.56
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SPIRIT 2013 Checklist: Recommended items to address in a clinical trial protocol and related documents* 

Section/item Item 
No 

Description Addressed on 
page number 

Administrative information 

Title 1 Descriptive title identifying the study design, population, interventions, and, if applicable, 
trial acronym 

1 

Trial registration 2a Trial identifier and registry name. If not yet registered, name of intended registry 1,3 

2b All items from the World Health Organization Trial Registration Data Set 3 

Protocol version 3 Date and version identifier 1 

Funding 4 Sources and types of financial, material, and other support 1,30 

Roles and 
responsibilities 

5a Names, affiliations, and roles of protocol contributors 31 

5b Name and contact information for the trial sponsor 1 

5c Role of study sponsor and funders, if any, in study design; collection, management, 
analysis, and interpretation of data; writing of the report; and the decision to submit the 
report for publication, including whether they will have ultimate authority over any of these 
activities 

30 
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5d Composition, roles, and responsibilities of the coordinating centre, steering committee, 
endpoint adjudication committee, data management team, and other individuals or groups 
overseeing the trial, if applicable (see Item 21a for data monitoring committee) 

31-32

Introduction 

Background and 
rationale 

6a Description of research question and justification for undertaking the trial, including 
summary of relevant studies (published and unpublished) examining benefits and harms 
for each intervention 

4-8

6b Explanation for choice of comparators 

Objectives 7 Specific objectives or hypotheses 8 

Trial design 8 Description of trial design including type of trial (eg, parallel group, crossover, factorial, 
single group), allocation ratio, and framework (eg, superiority, equivalence, noninferiority, 
exploratory) 

9 

Methods: Participants, interventions, and outcomes 

Study setting 9 Description of study settings (eg, community clinic, academic hospital) and list of 
countries where data will be collected. Reference to where list of study sites can be 
obtained 

9 

Eligibility criteria 10 Inclusion and exclusion criteria for participants. If applicable, eligibility criteria for study 
centres and individuals who will perform the interventions (eg, surgeons, 
psychotherapists) 

9-10
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Interventions 11a Interventions for each group with sufficient detail to allow replication, including how and 
when they will be administered 

12-15

11b Criteria for discontinuing or modifying allocated interventions for a given trial participant 
(eg, drug dose change in response to harms, participant request, or improving/worsening 
disease) 

13 

11c Strategies to improve adherence to intervention protocols, and any procedures for 
monitoring adherence (eg, drug tablet return, laboratory tests) 

NA 

11d Relevant concomitant care and interventions that are permitted or prohibited during the 
trial 

12 

Outcomes 12 Primary, secondary, and other outcomes, including the specific measurement variable 
(eg, systolic blood pressure), analysis metric (eg, change from baseline, final value, time 
to event), method of aggregation (eg, median, proportion), and time point for each 
outcome. Explanation of the clinical relevance of chosen efficacy and harm outcomes is 
strongly recommended 

17-18

Participant 
timeline 

13 Time schedule of enrolment, interventions (including any run-ins and washouts), 
assessments, and visits for participants. A schematic diagram is highly recommended 
(see Figure) 

Table 2 

Sample size 14 Estimated number of participants needed to achieve study objectives and how it was 
determined, including clinical and statistical assumptions supporting any sample size 
calculations 

19 

Recruitment 15 Strategies for achieving adequate participant enrolment to reach target sample size NA 

Methods: Assignment of interventions (for controlled trials) 

Allocation: 
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Sequence 
generation 

16a Method of generating the allocation sequence (eg, computer-generated random 
numbers), and list of any factors for stratification. To reduce predictability of a random 
sequence, details of any planned restriction (eg, blocking) should be provided in a 
separate document that is unavailable to those who enrol participants or assign 
interventions 

10 

Allocation 
concealment 
mechanism 

16b Mechanism of implementing the allocation sequence (eg, central telephone; sequentially 
numbered, opaque, sealed envelopes), describing any steps to conceal the sequence 
until interventions are assigned 

11 

Implementatio
n 

16c Who will generate the allocation sequence, who will enrol participants, and who will assign 
participants to interventions 

11 

Blinding 
(masking) 

17a Who will be blinded after assignment to interventions (eg, trial participants, care providers, 
outcome assessors, data analysts), and how 

21 

17b If blinded, circumstances under which unblinding is permissible, and procedure for 
revealing a participant’s allocated intervention during the trial 

NA 

Methods: Data collection, management, and analysis 

Data collection 
methods 

18a Plans for assessment and collection of outcome, baseline, and other trial data, including 
any related processes to promote data quality (eg, duplicate measurements, training of 
assessors) and a description of study instruments (eg, questionnaires, laboratory tests) 
along with their reliability and validity, if known. Reference to where data collection forms 
can be found, if not in the protocol 

17 

18b Plans to promote participant retention and complete follow-up, including list of any 
outcome data to be collected for participants who discontinue or deviate from intervention 
protocols 

12 
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Data 
management 

19 Plans for data entry, coding, security, and storage, including any related processes to 
promote data quality (eg, double data entry; range checks for data values). Reference to 
where details of data management procedures can be found, if not in the protocol 

22 

Statistical 
methods 

20a Statistical methods for analysing primary and secondary outcomes. Reference to where 
other details of the statistical analysis plan can be found, if not in the protocol 

21 

20b Methods for any additional analyses (eg, subgroup and adjusted analyses) NA 

20c Definition of analysis population relating to protocol non-adherence (eg, as randomised 
analysis), and any statistical methods to handle missing data (eg, multiple imputation) 18 

Methods: Monitoring 

Data monitoring 21a Composition of data monitoring committee (DMC); summary of its role and reporting 
structure; statement of whether it is independent from the sponsor and competing 
interests; and reference to where further details about its charter can be found, if not in 
the protocol. Alternatively, an explanation of why a DMC is not needed 

22 

21b Description of any interim analyses and stopping guidelines, including who will have 
access to these interim results and make the final decision to terminate the trial 

NA 

Harms 22 Plans for collecting, assessing, reporting, and managing solicited and spontaneously 
reported adverse events and other unintended effects of trial interventions or trial conduct 

23-25

Auditing 23 Frequency and procedures for auditing trial conduct, if any, and whether the process will 
be independent from investigators and the sponsor 

NA 

Ethics and dissemination 
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Research ethics 
approval 

24 Plans for seeking research ethics committee/institutional review board (REC/IRB) 
approval 

30 

Protocol 
amendments 

25 Plans for communicating important protocol modifications (eg, changes to eligibility 
criteria, outcomes, analyses) to relevant parties (eg, investigators, REC/IRBs, trial 
participants, trial registries, journals, regulators) 

11 

Consent or 
assent 

26a Who will obtain informed consent or assent from potential trial participants or authorised 
surrogates, and how (see Item 32) 

12 

26b Additional consent provisions for collection and use of participant data and biological 
specimens in ancillary studies, if applicable 

12 

Confidentiality 27 How personal information about potential and enrolled participants will be collected, 
shared, and maintained in order to protect confidentiality before, during, and after the trial 

22 

Declaration of 
interests 

28 Financial and other competing interests for principal investigators for the overall trial and 
each study site 

Access to data 29 Statement of who will have access to the final trial dataset, and disclosure of contractual 
agreements that limit such access for investigators 

32 

Ancillary and 
post-trial care 

30 Provisions, if any, for ancillary and post-trial care, and for compensation to those who 
suffer harm from trial participation 

NA 

Dissemination 
policy 

31a Plans for investigators and sponsor to communicate trial results to participants, healthcare 
professionals, the public, and other relevant groups (eg, via publication, reporting in 
results databases, or other data sharing arrangements), including any publication 
restrictions 

27, 28 

31b Authorship eligibility guidelines and any intended use of professional writers NA 
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31c Plans, if any, for granting public access to the full protocol, participant-level dataset, and 
statistical code 

30 

Appendices 

Informed 
consent 
materials 

32 Model consent form and other related documentation given to participants and authorised 
surrogates 

Appendix 

Biological 
specimens 

33 Plans for collection, laboratory evaluation, and storage of biological specimens for genetic 
or molecular analysis in the current trial and for future use in ancillary studies, if applicable 

Figure 2 

*It is strongly recommended that this checklist be read in conjunction with the SPIRIT 2013 Explanation & Elaboration for important
clarification on the items. Amendments to the protocol should be tracked and dated. The SPIRIT checklist is copyrighted by the
SPIRIT Group under the Creative Commons “Attribution-NonCommercial-NoDerivs 3.0 Unported” licen
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REFRESH Study Protocol v3 25 October 2016 

REFRESH 
Restricted volume/early vasopressor arm 

YES   SBP <90mmHg or MAP<65mmHg?  NO 
(at any time) 

 Consider 
x Urinary catheter 
x Central line/PICC 
x Arterial line  

Continue until 6h post randomization – thereafter management as per 
treating team 

Repeat study bloods at 6h and 24h 

Maintenance fluid 
Balanced isotonic crystalloid at 1-2ml/kg/hr 

Initial study bloods (including blood gas) 

Start noradrenaline infusion* 

Titrate to MAP 65-70mmHg 

Continue maintenance fluids 

REASSESS EVERY HOUR 
Consider need for further fluid bolus 

(e.g. skin perfusion, mental state, urine OP) 
Repeat study bloods (including blood gas) at 3h 

Fluid Bolus# 
250ml 

* Noradrenaline via secure peripheral
IV for up to 6h or until central access
(CVC/PICC). Peripheral Metaraminol
infusion is acceptable alternative in
accordance with local hospital
guidelines

# An additional fluid bolus up to 
1000mls may be administered if 
deemed necessary by treating doctor 



REFRESH Study Protocol v3 25 October 2016 

REFRESH 
Standard volume arm 

YES    SBP <90mmHg or MAP<65mmHg?  NO 
   (at any time) 

Consider 
x Urinary catheter 
x Central line  

Arterial line 

Continue until 6h post randomization – thereafter management as per 
treating team 

Repeat study bloods at 6h and 24h

Second fluid bolus 1000ml 
Balanced isotonic crystalloid 

Initial study bloods (including blood gas) 

Give further 500mls fluid 
boluses at least every 30 min 

until euvolaemic 

If persistent SBP<90mmHg or 
MAP <65mmHg 

Start noradrenaline infusion* 
Titrate to MAP 65-70mmHg 

Commence maintenance fluids 
Balanced isotonic crystalloid at 1-2ml/kg/hr 

REASSESS EVERY HOUR 
Consider need for further fluid bolus 

(e.g. skin perfusion, mental state, urine OP) 
Repeat study bloods (including blood gas) at 3h 

Fluid Bolus 
500ml 

* Noradrenaline via secure peripheral
IV for up to 6h or until central access
(CVC/PICC). Peripheral Metaraminol
infusion is acceptable alternative in
accordance with local hospital
guidelines



REFRESH trial verbal script for initial consent to randomise 

We are doing some research to find out the best way to treat patients with 
your condition. Your doctor thinks you have an infection and this is causing 
you to have low blood pressure. The usual treatment for this is to give 
intravenous fluids. If blood pressure does not improve, medication is 
sometimes required to achieve this.  

There is currently debate about the right amount of fluid to give to patients. 
We are testing two approaches – one with less fluid and earlier use of 
medication, where required, is being compared to the conventional treatment 
where a larger amount of fluid is given during the first few hours of treatment. 
We are particularly interested in comparing the effects on some markers of 
inflammation measured on blood samples taken from participants during their 
treatment.  

Patients who take part in the trial will be randomised (like tossing a coin) to 
one or other treatment arms. Neither the patient nor their doctor can control 
which treatment is allocated.  

Because it is important to treat your low blood pressure quickly, we would like 
your provisional non-binding agreement to enrol you in the study. Once 
treatment is underway we will provide you with more detailed information 
about the trial and give you the opportunity to ask any questions.  

If you are happy to continue in the trial you will be asked to sign a consent 
form. If, after having read the information, you decide you do not wish to 
proceed then we will withdraw you from the study and your treatment will 
proceed as normal under the guidance of your doctor.  

You are under no obligation to take part in this research. Choosing not to take 
part, or providing initial agreement and subsequently withdrawing, will have 
no adverse impact on the care you receive or the relationship between you and 
the treating team. If you do decide to assist with this research you will be 
helping us to answer an important question that may lead to improvements in 
care for patients in the future. 
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REFRESH 
Consent Process 

 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Patient meets study 
enrolment criteria 

Yes 
Competent to 

Consent No 

Obtain written 
consent from 
participant to 

continue in trial 

 

Person 
responsible 

present 

Person 
responsible 
unavailable 

Obtain written 
consent from 

person 
responsible 

Continue in trial 
under waiver of 

consent  

Obtain verbal 
consent from 

person 
responsible 

Initial explanation 
& verbal consent 

Enrol under 
Waiver of Consent 

RANDOMISE 

Person responsible 
available by 
telephone 
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