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Epidemiology and characteristics of sepsis
Sepsis is a life-threatening syndrome that arises when a dysbalanced patient response to 
an infection causes damage to the body’s own organs and tissues1. The sepsis syndrome 
was already recognized by the ancient Greeks where Hippocrates referred to sepsis as 
putrefaction, implying bad smell, better known as “rotting of the flesh”2. Nowadays, sepsis 
is defined as a life-threatening organ dysfunction caused by a dysregulated host response 
to an infection3. Sepsis is, to date, still a major cause of morbidity and mortality worldwide. 
The global burden of sepsis is estimated to be 31.5 million cases annually4, with a worldwide 
population incidence rate of 437 cases per 100.000 person years for hospital-treated sepsis 
during the past decade4. In the United States alone the incidence exceeds 750.000 cases 
per year5. Of these patients, half require intensive care unit (ICU) treatment5 and almost 
one third of critically ill ICU patients have sepsis on admission or during ICU stay6. Despite 
recent improvements of care, incidence rates have increased over the past decades7 and 
sepsis is associated with high mortality globally4,6. Increased awareness, early recognition 
and appropriate antibiotic and supportive treatment have improved sepsis outcome, 
nonetheless death rates remain high and the improved sepsis outcome likely is in part due to 
a dilution effect of increased number of reported cases8. In non-coronary ICUs, sepsis is the 
leading cause of mortality among critically ill patients5, ranging from 20 to 30%4,9 and even 40 
to 50% when shock is present6. Even though case fatality rates have declined over the past 
decade7,10, no specific treatment for sepsis is available to date. Due to its extensive worldwide 
incidence and life-threatening character, sepsis is a leading topic in research, especially in 
the ICU. Unfortunately, many clinical trials targeting specific pathways in the sepsis response 
have failed to produce the treatment solution for sepsis, rendering researches to reevaluate 
trial set up and future trial design11. 
Patients with sepsis may present with highly variable clinical manifestations, depending on 
the source where the infection arises, pathogen factors such as microbial load and virulence, 
and host factors such as underlying health status, age, medication and genetic composition1. 
Generally, symptoms include high fever or hypothermia, elevated heart rate, hyperventilation, 
leukocytosis, low blood pressure and altered mental status12, however symptoms can be 
more subtle especially in the very young, the elderly or in immunocompromised patients. 
Pneumonia is the most common source of infection causing sepsis, accounting for half 
of all sepsis cases, followed by intraabdominal and urinary tract infections5,13-15. Recent 
literature has suggested that the primary site of infection influences the mortality risk, 
where intraabdominal infections are associated with the highest and urinary tract infections 
with the lowest risk for in-hospital mortality after sepsis15. While the pathogen causing the 
infection is also an important determinant for sepsis outcome16, in 30% of all sepsis cases no 
microorganism can be cultured from any bodily site14. 
The before mentioned failure of clinical trials may be a result of this large heterogeneity 
in patients with sepsis. Adding to this complexity, sepsis is nowadays appreciated as an 
extremely dynamic process17,18, resulting in patients with a wide variety of different stages of 
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major insight in the pathogenesis of the septic response11 and have identified multiple key 
pathways of influence, such as the inflammatory response, the coagulation cascade, the 
vascular endothelium, vasoactive molecules and neuroendocrine regulation1. In light of these 
findings it is unlikely that targeting one specific host response pathway will be beneficial to 
each separate patient with sepsis11; rather individualized therapy in which identification of 
specific patient populations that might benefit from each treatment intervention should be 
pursued. 

Pathogenesis of sepsis
In patients confronted with an invading pathogen, a balanced combination of both a 
proinflammatory and anti-inflammatory immune response contributes to the clearance of 
the infection and recovery of the tissue and patient1 (Figure 1). Even though the pathogen 
itself can be directly destructive to the host, the pathophysiology of sepsis is related to the 
subsequent dysregulation of the immunological response. When a pathogen enters a sterile 
site after breaching the first line of defense (mostly the epithelial barrier), resting innate immune 
cells such as macrophages, monocytes, neutrophils and dendritic cells, initiate an immune 
response. This immune response can lead in a well-adjusted reaction to elimination of the 
pathogen and recovery of the host16. However, an unbalanced immune response can result 
in exaggerated proinflammatory mechanisms causing collateral tissue and organ damage 
and extensive anti-inflammatory responses to dampen systemic inflammation, potentially 
contributing to an enhanced susceptibility to secondary infections. Disease heterogeneity is 
subjective to pathogen- and host-related characteristics and may influence the intensity and 
direction of the immune response over time18. The more recent understanding that sepsis 
results from a concurrent activation of both pro- and anti-inflammatory pathways and that 
patients may cycle through these phases multiple times over the course of their disease17 is 
supported by more than 30 failed phase 3 clinical trials targeting mostly proinflammatory 
pathways during the sepsis response19,20. Not only is the inflammatory response dysregulated 
in patients with sepsis, other contributors such as the coagulation cascade, epithelial 
and endothelial barrier function, specific cell functions and cellular metabolism may be 
compromised. Patients with sepsis may experience multiple problems, such as exhaustion 
of inflammatory responses, apoptosis and unresponsiveness of immune cells resulting in 
immune suppression18, but also activation of coagulation with concomitant impairment of 
anticoagulant mechanisms, which can trigger disseminated intravascular coagulation with 
microvascular thrombosis and hemorrhage1. This, together with loss of endothelial linings 
and barrier function can lead to tissue hypoperfusion and edema in patients with sepsis 
eventually resulting in organ failure and shock1,8. 
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Figure 1. The host response to sepsis.

The host’s inflammatory response is initiated after the interaction between pathogen derived factors and innate 
immune cells. Epithelial cells form the first line of defense, together with dendritic cells and macrophages that 
can phagocytose pathogens and present their antigens to other immune cells. The innate immune response, 
which can be further augmented by neutrophils and natural killer (NK) cells, mostly results in a balanced 
reaction with successful elimination of the pathogen and full tissue recovery. However, in case the innate 
immune system fails to eradicate the pathogens an unbalanced host response can ensue with features of both 
hyperinflammation and immune suppression. The exaggerated inflammation can cause injury to tissues via 
hypoperfusion, vascular leakage and coagulopathy. Immune suppression, characterized by apoptosis and 
hyporesponsiveness of immune cells can result in increased susceptibility to secondary infections. Pre-existing 
host factors such as age, gender and comorbidities, and acute host factors, such as elevated glucose levels 
or platelet depletion are of influence. This thesis deals with the unbalanced immune response to infection 
resulting in sepsis. In several chapters we provide insight into the hyperinflammatory response to infection by 
measurements of parameters reflecting activation of the cytokine network, the vascular endothelium and the 
coagulation system. In several parts of this thesis (indicated in the figure) we provide insight into the influence of 
chronic and acute host factors on the presentation, outcome and host response of/during sepsis.
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Advances in care21 have led to an increased number of patients surviving the early phase of 
sepsis, resulting in more than 70% of sepsis deaths occurring after the first 3 days17. Even 
though the actual cause of organ failure and death is not yet known, an overzealous activation 
of the innate immune system in response to acute infection is presumed to play a crucial 
role16,17. The majority of deaths in sepsis occurs more than one week after admission to the 
ICU22-25. Prolonged disease with a shift towards a more immune suppressive state has been 
postulated to enhance susceptibility towards secondary infections, thereby contributing 
to late sepsis mortality17,18 (Figure 2). Post-mortem analysis of patients who had died from 
sepsis have found a profound loss of both innate and adaptive immune cells27 and harvested 
immune cells showed decreased ex vivo production of both pro- and anti-inflammatory 
cytokines in patients with sepsis related mortality27, supporting an immune suppressive state 
in late sepsis. In line with this, blood leukocytes of sepsis patients, ex vivo stimulated, have 
repeatedly shown an impairment of immunological responses28-30. With this more recent 
insight, focusing on the immune suppressive state has taken a new turn in sepsis research 
with the suggestion of boosting the immune system in a controlled and guided manner in 
immune suppressed sepsis patients18,31.

Figure 2. Persistent hyperinflammation and immune suppression.

After the host encounters a pathogen, both pro- and anti-inflammatory responses are initiated. A controlled 
response will result in pathogen elimination and recovery of the host via the recurrence to immune homeostasis. 
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An unbalanced response may lead to excessive inflammation with acute fulminant tissue damage combined 
with immune suppression and a consequential increased susceptibility to secondary infections. Due to better 
recognition of deterioration combined with advances in supportive therapy, most sepsis related deaths occur 
after the initial response phase, giving rise to persistent derangement of the immune response. This low grade 
chronic hyperinflammation on the one hand is combined with sustained immune suppression on the other 
hand in patients with an unresolving sepsis response. 

Patient characteristics of influence in sepsis
Chronic comorbid diseases can influence the presentation and outcome of sepsis32. Due to 
the increasing incidence of sepsis with increasing age5, chronic comorbidities are present 
in almost half of all sepsis patients admitted to the ICU5,6. When treating sepsis patients, 
knowledge of the effect of underlying preexisting diseases on the septic response is essential. 
Diabetes is one of the most common comorbidities in patients with sepsis33. Diabetes is 
associated with an increased susceptibility to infection and sepsis34, likely at least in part 
due to compromised immune responses, such as adhesion, chemotaxis, phagocytosis and 
bacterial killing by immune cells34,35. Even though the risk for the development of sepsis is 
increased, consensus on the effect of diabetes on sepsis mortality has not been reached37, 
and influencing factors such as glucose levels and glucose regulation may complicate this 
effect. Other patient characteristics such as gender-related differences in the incidence and 
outcome of sepsis have been reported, with a higher incidence of sepsis in males relative to 
females5,13,33,37-39 and increased ICU and/or hospital mortality in females relative to males40-42. 
These two examples of patient characteristics influencing the host response and outcome 
in sepsis emphasize the importance of a personalized approach in the treatment of sepsis.

Molecular diagnosis and risk stratification in sepsis: the “MARS” study 
A detailed understanding of the pathogenesis of sepsis is likely to aid future individualized 
sepsis treatment. Relative easily accessible patient material could be used to measure 
indicators, so called “biomarkers”, of the biological state or condition of the host. Personalized 
medicine in which the type and extent of the immune response are characterized could aid 
targeted interventions in the heterogeneous sepsis population. Early detection of causative 
pathogens and the development of new molecular techniques for early prognostication can 
be essential in individualized care for, and treatment of, patients with sepsis. With this in mind, 
the “Molecular Diagnosis and Risk Stratification of Sepsis” (MARS) study aims to combine 
gene expression based methods, with different circulating proteins, clinical parameters and 
microbiological information to aid in the understanding of the pathogenesis of sepsis and 
classification of patients in a way that would inform therapeutic decision making. Since a 
single biomarker is unlikely to suffice, a combination or panel of biomarkers might be more 
insightful, and the MARS study could aid in this objective. The ultimate goal of the MARS 
was to generate tools that provide rapid and accurate information in an individual patients 
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the severity and the stage of the immune response of the patient are. The MARS study was 
designed as a prospective observational cohort study in the mixed ICUs of two tertiary 
teaching hospitals in the Netherlands (Academic Medical Center, Amsterdam and University 
Medical Center Utrecht) between January 2011 and January 2014 (ClinicalTrials.gov identifier 
NCT01905033). All consecutive patients of 18 years and older admitted to the ICU with a 
suspected length of stay of more than 24 hours were included in the study. Extensive clinical 
information was prospectively collected daily on demographics, comorbidities, admission 
diagnoses, treatment interventions, microbiology, course of the disease and outcome. 
Follow up was completed up to one year after ICU admission. Daily left over plasma was 
collected and used for protein biomarker analyses, whereas whole blood was collected for 
genome wide expression profiles on ICU admission and during ICU-acquired complications. 
After three years, the MARS cohort consisted of 6984 consecutively admitted critically ill 
patients, accounting for 8305 unique ICU admissions. Detailed information on clinical 
and microbiological characteristics are available for all admissions, together with plasma 
protein and gene expression biomarkers for a subset of the cohort. Sepsis was the reason for 
admission in 44.9% (N=3731) of all cases, most frequently as a consequence of pneumonia 
(47.5%, n=1771), peritonitis (9.8%, n=366) and urinary tract infections (5.8 %, n=217).

Aim and scope of this thesis
The overall aim of this thesis is to provide more insight into the epidemiology, outcome and 
host response in specific subgroups of sepsis patients admitted to the ICU. The MARS cohort 
functions as the backbone for specific research questions. Part I of this thesis focusses on 
immune suppression in sepsis and noninfectious critically ill patients. In Chapter 2, we 
analyze the incidence and attributable mortality of secondary infections in sepsis patients 
admitted to the ICU. As a comparison, we also evaluate the characteristics of nosocomial 
infections in patients admitted to the ICU for a noninfectious condition. Chapter 3 evaluates 
the host response in critically ill sepsis patients who do or do not develop an ICU-acquired 
infection. This chapter also gives insight in the immune response of sepsis patients whose ICU 
admission is complicated by either infectious or noninfectious events. In Chapter 4 we use 
ex vivo stimulation of whole blood to assess the relation between reduced responsiveness 
of blood leukocytes and the subsequent development of nosocomial infections. Part II of 
this theses focusses on the association of diabetes and glucose levels with the outcome 
and host response in patients with sepsis. For this, the effect of preexisting diabetes and 
diabetes treatment on the immune response was analyzed in Chapter 5 and admission 
hyperglycemia was related to outcome and host response in sepsis patients in Chapter 6. 
In Chapter 7 the effect of diabetes and glucose levels on mortality in sepsis patients is 
analyzed using the Dutch National Intensive Care Evaluation registry containing information 
on consecutively admitted patients to the ICUs of 92% of all hospitals in the Netherlands 



CHAPTER 1

18

with ICUs. In Part III, other factors of influence on the host response and outcome of sepsis, 
such as thrombocytopenia (Chapter 8) and gender (Chapter 9), are assessed. The final part 
of this thesis, Part IV, focusses on pneumonia derived sepsis patients, the most common 
source of infection in literature and in our cohort. In Chapter 10 we compare the host 
response after ICU admission for community-acquired versus hospital-acquired pneumonia 
and in Chapter 11 we analyze the association of age of patients with community-acquired 
pneumonia with presentation, outcome and systemic inflammatory responses. Finally, the 
main results and implications of this thesis are discussed in Chapter 12. 
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