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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 
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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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Immunosuppression and secondary ICU-acquired infections in 

patients with sepsis
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Incidence, risk factors and attributable mortality of secondary 
infections in the intensive care unit after admission for sepsis. 
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found before the beginning of the references
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Abstract 
Importance Sepsis is considered to induce immune suppression, leading to increased 
susceptibility to secondary infections with associated late mortality.
Objective To determine the clinical and host genomic characteristics, incidence, and 
attributable mortality of intensive care unit (ICU)–acquired infections in patients admitted to 
the ICU with or without sepsis.
Design, Setting, and Participants Prospective observational study comprising consecutive 
admissions of more than 48 hours in 2 ICUs in the Netherlands from January 2011 to July 
2013 stratified according to admission diagnosis (sepsis or noninfectious).
Main Outcomes and Measures The primary outcome was ICU-acquired infection (onset >48 
hours). Attributable mortality risk (fraction of mortality that can be prevented by elimination 
of the risk factor, acquired infection) was determined using time-to-event models accounting 
for competing risk. In a subset of sepsis admissions (n = 461), blood gene expression (whole-
genome transcriptome in leukocytes) was analyzed at baseline and at onset of ICU-acquired 
infectious (n = 19) and noninfectious (n = 9) events.
Results The primary cohort included 1719 sepsis admissions (1504 patients; median age, 62 
years; interquartile range [IQR], 51-71 years]; 924 men [61.4%]). A comparative cohort included 
1921 admissions (1825 patients, median age, 62 years; IQR, 49-71 years; 1128 men [61.8%] in 
whom infection was not present in the first 48 hours. Intensive care unit–acquired infections 
occurred in 13.5% of sepsis ICU admissions (n = 232) and 15.1% of nonsepsis ICU admissions 
(n = 291). Patients with sepsis who developed an ICU-acquired infection had higher disease 
severity scores on admission than patients with sepsis who did not develop an ICU-acquired 
infection (Acute Physiology and Chronic Health Evaluation IV [APACHE IV] median score, 
90 [IQR, 72-107] vs 79 [IQR, 62-98]; P < .001) and throughout their ICU stay but did not have 
differences in baseline gene expression. The population attributable mortality fraction of 
ICU-acquired infections in patients with sepsis was 10.9% (95% CI, 0.9%-20.6%) by day 60; the 
estimated difference between mortality in all patients with a sepsis admission diagnosis and 
mortality in those without ICU-acquired infection was 2.0% (95% CI, 0.2%-3.8%; P = .03) by day 
60. Among nonsepsis ICU admissions, ICU-acquired infections had a population attributable 
mortality fraction of 21.1% (95% CI, 0.6%-41.7%) by day 60. Compared with baseline, blood 
gene expression at the onset of ICU-acquired infections showed reduced expression of genes 
involved in gluconeogenesis and glycolysis.
Conclusions and Relevance Intensive care unit–acquired infections occurred more 
commonly in patients with sepsis with higher disease severity, but such infections 
contributed only modestly to overall mortality. The genomic response of patients with sepsis 
was consistent with immune suppression at the onset of secondary infection.
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Introduction 
Sepsis is the leading cause of morbidity and mortality in hospitalized patients1,2. Patients with 
sepsis may enter a state of immune suppression due to hyporesponsiveness, exhaustion, and 
apoptotic depletion of immune cells and an increase in T regulatory and myeloid-derived 
suppressor cells3-5. It has been suggested that the immune suppression accompanying sepsis 
contributes to late sepsis mortality in the intensive care unit (ICU) caused by an increased 
occurrence of secondary infections4-6. In light of these findings, immune stimulation has been 
advocated as a novel treatment strategy for sepsis4-6, representing an approach opposite from 
the use of anti-inflammatory agents in many unsuccessful sepsis trials7,8. For the design of 
clinical trials with immunostimulatory therapies, knowledge of the incidence of ICU-acquired 
infections is important, but equally important are estimates of their attributable mortality.
The primary objective of this study was to determine the incidence, risk factors, and 
attributable mortality of ICU-acquired infections in patients admitted with sepsis. 
Additionally, in exploratory analyses, we sought to determine differences in the host response 
to the inciting sepsis event between patients who did and those who did not develop an ICU-
acquired infection by analyses of the whole-genome transcriptome in blood leukocytes. We 
also assessed the incidence and attributable mortality of ICU-acquired infections in critically 
ill patients admitted for noninfectious disease during the same study period.

Methods
 
Study Design and Population 
This study was part of the Molecular Diagnosis and Risk Stratification of Sepsis (MARS) 
project, a prospective observational study in the mixed ICUs of 2 tertiary teaching hospitals 
in the Netherlands between January 2011 and January 2014 (ClinicalTrials.gov identifier 
NCT01905033)9,10. For the current analysis, all consecutive patients admitted from January 
2011 to July 2013 with an ICU length of stay of more than 48 hours were selected (ie, all 
patients at risk of an ICU-acquired infection). Patients with infection onset between 24 and 
48 hours after ICU admission were excluded, for it could not be determined with certainty 
whether this infection was the primary reason for ICU admission or ICU-acquired. Race was 
determined by the researchers based on fixed categories (white, black, Asian) for future (epi)
genetics studies. Patients were included via an opt-out consent method approved by the 
institutional review boards of both hospitals (IRB No. 10-056C); participants were informed 
about the study by a brochure provided at ICU admission with an opt-out card that could be 
completed by the patient or legal representative in case of unwillingness to participate9,10. 
During part of the current study, both ICUs were included in a cluster randomized crossover 
trial on the effects of selective decontamination of the digestive tract (SDD; given during 
70.0% of the study period) and selective oropharyngeal decontamination (SOD; given during 
30.0% of the study) (see the eMethods section in the Supplement and Oostdijk et al11). 
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Definitions
The likelihood of infection for which the clinical team initiated antibiotics was classified for 
each infectious source as none, possible, probable, or definite by research physicians using 
Centers for Disease Control and Prevention12 and International Sepsis Forum consensus 
definitions13, as described9. Sepsis was defined as suspected infection (with likelihood 
possible, probable, or definite) diagnosed within 24 hours after ICU admission accompanied 
by at least 1 additional parameter described in the 2001 International Sepsis Definitions 
Conference (eTable 1 in the  Supplement)14. In patients with a noninfectious admission 
diagnosis (including those admitted with suspected infection but with a post hoc infection 
likelihood of none) enrolled during the same period, the Acute Physiology and Chronic 
Health Evaluation IV (APACHE IV) primary admission diagnosis was used to classify patients 
into broad diagnostic categories15. 
The primary outcome was the first occurrence of an ICU-acquired infection, defined as any 
new-onset infection (with likelihood possible, probable, or definite)9,12,13 starting more than 
48 hours after ICU admission for which the clinical team started a new antibiotic regimen. The 
most likely causative microorganisms were classified based on all microbiology results.
Organ failures were defined as a score of 3 or higher on the Sequential Organ Failure 
Assessment (SOFA) score, except for cardiovascular failure for which a score of 1 or higher was 
used16. The SOFA score for the central nervous system subgroup was not included. Severe 
sepsis was defined as sepsis plus failure of 1 or more organs. Shock was defined by the use of 
noradrenaline for hypotension in a dose of more than 0.1 μg/kg/min during at least 50% of the 
ICU day. Comorbidity was defined as described in the eMethods section of the Supplement.

Microarray analysis and bioinformatics
Whole blood was collected in PAXgene tubes (Becton-Dickinson) within 24 hours after the 
ICU admissions of 421 patients with sepsis (461 admissions) (Figure 1), defined as a definite 
or probable infection9 accompanied by at least 1 additional parameter described in the 
2001 International Sepsis Definitions Conference (eTable 1 in the  Supplement)14, enrolled 
between January 2011 and July 2012. Paired comparisons of PAXgene blood samples 
collected at ICU admission and at the onset of an ICU-acquired complication were performed 
in both ICU-acquired infection (n = 19) and no ICU-acquired infection (n = 9) patient groups; 
the latter group comprised patients who developed ICU-acquired acute lung injury (n = 2), 
acute kidney injury (n = 6), and acute myocardial infarction (n = 1). PAXgene blood samples 
were also obtained from 42 healthy controls. RNA was hybridized to the Human Genome 
U219 96-array plate. After preprocessing, 24 646 expressed probes were recovered that 
were assessed for differential abundance by means of the limma method17-19. Throughout, 
Benjamini-Hochberg (BH)20 multiple comparison-adjusted probabilities (false-discovery rate 
<5%) defined significance. Ingenuity Pathway Analysis (Ingenuity Systems IPA, http://www.
ingenuity.com) was used to evaluate the association with canonical signaling pathways. 
Association significance was measured by Fisher exact test BH-adjusted P values.
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Statistical analysis
Baseline characteristics age, sex, race, and comorbidities were measured for each first admission. 
Survival status was calculated from the first ICU admission with the same admission reason (ie, 
sepsis or noninfectious), except for ICU mortality, for which all ICU admissions were used. For all 
other parameters as well as for the competing risk and population attributable mortality fraction 
analyses, readmissions for the same admission reason were included as unique admissions.
Continuous nonparametric data were analyzed using a Mann-Whitney U or Kruskal-Wallis test; 
categorical data were analyzed using a 2-tailed χ2 or Fisher exact test. All continuous parametric 
data were analyzed using a t test or analysis of variance. All data were analyzed using R studio 
built under R version 3.0.2 (R Core Team 2013)21. For calculation of the population attributable 
mortality fraction, the R-package “mstate” was used. For the analysis of SOFA scores during 
ICU stay, a mixed-effects model was executed.  P < .05 (2-sided) was considered statistically 
significant.
To identify risk factors for the development of an ICU-acquired infection, we used a multivariable 
competing risk survival modell22. In patients with multiple ICU-acquired infections, only the first 
ICU-acquired infection was used. A multivariable competing risk survival analysis provides 2 
measures of association: the cause-specific hazard ratio (HR), which estimates the direct effect 
of the exposure of interest (ie, severity of disease) on the various outcomes (ie, ICU discharge, 
ICU mortality, and the development of an ICU-acquired infection), and the subdistribution HR, 
which describes the risk of the development of an ICU-acquired infection while accounting for 
the competing events. Admission variables included in this model are listed in the eMethods of 
the Supplement.
A multistate approach was used to estimate the population attributable mortality fraction23,24. 
The population attributable mortality fraction represents the fraction of mortality that can 
be prevented by eliminating the exposure (ie, ICU-acquired infection). A progressive disability 
model was fitted to account for the time dependency of the risk factor, the presence of 
competing risks (ie, discharge or mortality without an ICU-acquired infection) at each time 
point, and the heterogeneity of the study population. The multistate model used is derived 
from a Markov model25. Quartiles of APACHE IV scores and of age per specific patient population 
(ie, sepsis and noninfectious) were used as covariables. In this model, an estimator for the 
population attributable mortality fraction can be derived in terms of the transition probabilities. 
The transition probabilities of a time-inhomogeneous Markov multistage model were estimated 
with the Aalen-Johansen estimator. The arrival time in a state (the past) was tested for 
significance for a given transition (the future) by including it as a covariate in a Cox model for the 
transition hazards. Because the test was not significant, the Markov assumption was reasonable 
for our data set. For this multivariable analysis only the first ICU-acquired infection was used. 
The population attributable mortality fraction was expressed as the percentage of ICU mortality 
caused by the ICU-acquired infections.
Sensitivity analyses were conducted including only first admissions for sepsis and including only 
patients with sepsis with 1 ICU admission.
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Results
 
ICU-Acquired Infections in Patients With a Sepsis Admission Diagnosis 
We studied 5920 patients during 6994 ICU episodes, of which 3725 admissions (53.3%) had 
a duration of more than 48 hours. We excluded 85 admissions (2.3%) because infection was 
diagnosed between 24 and 48 hours after ICU admission. Almost half of the remaining 3640 
admissions involved patients admitted with sepsis (n = 1719, 47.2%) (Figure 1). Table 1 shows 
baseline characteristics of patients with a sepsis admission diagnosis stratified according to 
development (or not) of ICU-acquired infection. 

Figure 1. Flow chart of included patients.

When a patient was readmitted for the alternative admission diagnosis within the study time frame (e.g. first 
admission for sepsis, second admission for a noninfectious condition), this readmission was seen as the first 
admission for that specific admission diagnosis, explaining the discrepancy in the patient numbers of the final 
cohort and the following boxes downstream from the final cohort. Abbreviations: ICU: intensive care unit
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Of all admissions for sepsis, 232 (13.5%) were complicated by a total of 334 ICU-acquired 
infections (Table 1 and Table 2). The median interval from admission for sepsis to the first ICU-
acquired infection was 9 days (interquartile range [IQR], 6-13 days) (Table 2). The incidence 
of ICU-acquired infections per week was stable after the first week of ICU stay (eFigure 1 
in the Supplement). The most common ICU-acquired infections were catheter-related 
bloodstream infections (n = 88, 26.3%), pneumonia (n = 85, 25.4%), and abdominal infections 
(n = 53, 15.9%) (Table 2). The most common causative pathogens were gram-positive bacteria 
(n = 151, 45.2%), followed by gram-negative bacteria (n = 89, 26.6%), fungi (n = 32, 9.6%), and 
viruses (n = 33, 9.9%) (Table 2; eTable 2, eFigure 2 in the Supplement).

Table 1. Baseline characteristics and outcome of patients admitted with sepsis stratified 
according to development of ICU-acquired infection or not. 

ICU-acquired 
infection

No ICU-acquired 
infection P value

PATIENTS 199 (13.2%) 1305 (86.8%)
Demographics
Age (years) 58.9 (14.9) 60.1 (15.4) .31
Gender male 128 (64.3%) 796 (61.0%) .38
White race 178 (89.4%) 1161 (89.0%) .93

Chronic comorbidity
None 52 (26.1%) 356 (27.3%) .79
Immunocompromised state 65 (28.0%) 311 (20.9%) .02
Cardiovascular insufficiency 58 (25.0%) 370 (24.9%) >.99
Malignancy 46 (19.8%) 322 (21.7%) .55
Renal insufficiency 38 (16.4%) 186 (12.5%) .11
Respiratory insufficiency 53 (22.8%) 269 (18.1%) .09
Charlson comorbidity index 4 [2-5] 4 [2-6] .16

ADMISSIONS 232 (13.5%) 1487 (86.5%)
Medical 179 (77.2%) 1147 (77.1%) .71
Surgical 53 (22.8%) 340 (22.9%)
Readmission 33 (14.2%) 182 (12.2%) .45

Severity of disease on admission
APACHE IV score 90 [72-107] 79 [62-98] <.001
APACHE IV 1st quartile (<64) 38 (16.4%) 413 (27.8%) <.001
APACHE 2nd quartile (64-80) 49 (21.1%) 376 (25.3%)
APACHE 3rd quartile (81-99) 63 (27.2%) 361 (24.3%)
APACHE 4th quartile (100-205) 82 (35.3%) 337 (22.7%)
SOFA score 8 [6-11] 7 [4-9] <.001
Severe sepsis 218 (94.0%) 1312 (88.2%) .10

Septic shock 104 (44.8%) 479 (32.2%) <.001
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ICU-acquired 
infection

No ICU-acquired 
infection P value

Number of organs failing <.001
None 35 (15.1%) 378 (25.4%)
1 86 (37.1%) 600 (40.3%)
2 69 (29.7%) 305 (20.5%)
3 32 (13.8%) 116 (7.8%)
4 6 (2.6%) 22 (1.5%)
5 - 1 (0.1%)
Unknown 4 (1.7%) 65 (4.4%)

Treatment interventions before event
Urinary catheter 226 (97.4%) 1405 (94.5%) .08
Central venous catheter 217 (93.5%) 1180 (79.4%) <.001
Surgical drain 30 (12.9%) 154 (10.4%) .24
Mechanical ventilation 230 (99.1%) 1368 (92.0%) <.001
Renal replacement therapy 73 (31.5%) 260 (17.5%) <.001
Corticosteroid use

Any hydrocortisone usea 164 (70.7%) 828 (55.7%) .001
Hydrocortisonea > 200mg/day 138 (59.5%) 631 (42.4%) <.001

SDD useb 162 (69.8%) 1007 (67.7%) .55
Outcome
Length of ICU stay (days) 22 [15-33] 5 [3-9] <.001
Length of hospital stay (days) 46 [28-76] 26 [13-49] <.001
Complications

None 98 (42.2%) 1241 (83.5%) <.001
Acute kidney injury 58 (25.0%) 129 (8.7%) <.001
Acute lung injury 29 (12.5%) 61 (4.1%) <.001

Discharge location .001
Clinical ward 143 (61.6%) 1195 (80.4%)
Deceased 83 (35.8%) 231 (15.5%)
Home 0 (0%) 6 (0.4%)
Other/unknown 6 (2.6%) 55 (3.7%)

Mortality
ICUc 83 (35.8%) 231 (15.5%) <.001
Hospitald 98 (49.2%) 351 (26.9%) <.001
30 daysd 63 (31.7%) 320 (24.5%) .04
60 daysd 88 (44.2%) 381 (29.2%) <.001
90 daysd 99 (49.7%) 420 (32.2%) <.001
1 yeard,e 109 (54.8%) 544 (41.7%) <.001

Values are given as numbers (%), mean (standard deviation) or median [interquartile range]
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a Use of hydrocortisone or its equivalent (hydrocortisone dose = 4 x prednisolone dose, 5 x methylprednisolone 
dose, 25 x dexamethasone dose).
b Patients not on SDD received selective oropharyngeal decontamination.
c ICU mortality was calculated using all ICU admissions for sepsis.
d Follow up data were calculated using the first ICU-admission for sepsis for each patient during the study period; 
readmissions were not included in this analysis.  
e 40 patients were lost to 1 year follow up (4.5% in patients with sepsis developing an ICU-acquired infection and 
2.4% in patients with sepsis with no ICU-acquired infection). 
Abbreviations: APACHE IV Acute Physiology and Chronic Health Evaluation; SDD selective decontamination of 
the digestive tract; SOFA sequential organ failure score.

Table 2. Characteristics of ICU-acquired infections after admission for sepsis. 

Number and timing of infections
Number of admissions associated with an ICU-acquired infection 232 (13.5%)
Number of ICU-acquired infections 334
Number of admissions associated with multiple ICU-acquired infections 71 (30.6%)
Day of first ICU-acquired infection 9 [6-13]
Source of infection

Pulmonary 85 (25.4%)
Hospital-acquired pneumonia 27 (8.1%)
Ventilator-associated pneumonia 58 (17.4%)

Cardiovascular 106 (35.3%)
Bacteremia 18 (5.4%)
Catheter-related bloodstream infection 88 (26.3%)

Abdomen 53 (15.9%)
Abdominal infection 51 (15.3%)
Gastrointestinal infection 2 (0.6%)

Neurological 9 (2.7%)
Brain abscess 1 (0.3%)
Primary meningitis 2 (0.6%)
Secondary meningitis 6 (1.8%)

Skin 13 (3.9%)
Urinary tract 4 (1.2%)
Othera 64 (19.2%)

Causative pathogen
Gram-positive bacteria 151 (45.2%)b

Gram-negative bacteria 89 (26.6%)
Fungi 32 (9.6%)
Viral (including reactivation) 33 (9.9%)
Other 8 (2.4%)

Unknown 82 (24.5%)
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Values are given as numbers (%), mean (standard deviation) or median [interquartile range]
a Other infections include lung abscess, sinusitis, pharyngitis, tracheobronchitis, endocarditis, mediastinitis, 
myocarditis, post-operative wound infection, bone and joint infection, oral infection, eye infection, reproductive 
tract infection. 
b Percentages depict the portion of ICU-acquired infections (total N = 334) caused by the pathogen group 
indicated. In total 313 pathogens were assigned to 334 ICU-acquired infections; in 49 (14.7%) of all ICU-acquired 
infections more than one pathogen was assigned as causative.

Risk Factors for ICU-Acquired Infections in Patients With a Sepsis Admission Diagnosis 
Patients with sepsis who did or did not develop an ICU-acquired infection were not different 
with regard to age, sex, race, and Charlson comorbidity index (Table 1). Use of SDD and SOD 
did not differ between groups. Patients with sepsis with primary bacteremia on admission 
more often developed ICU-acquired infections (12 patients [5.2%] vs 19 patients [1.3%], 
respectively, P = .001; difference, 3.9%; 95% CI, 1.6%-7.6%); all other admission diagnoses 
were equally distributed between patients who did and those who did not develop an ICU-
acquired infection (eTable 3 in the Supplement).
Patients with sepsis who developed an ICU-acquired infection were more severely ill on 
admission than those who did not, as indicated by higher APACHE IV score (90 [IQR, 72-107] vs 
79 [IQR, 62-98], respectively, P < .001) and SOFA scores (8 [IQR, 6-11] vs 7 [IQR, 4-9], respectively, 
P < .001) and had more shock (104 patients [44.8%] vs 479 patients [32.2%]; P < .001; difference, 
12.6%; 95% CI, 5.9%-19.5%) (Table 1). Multivariable competing risks survival analysis 
supported the association between prior disease severity and development of an ICU-
acquired infection. Using the lowest APACHE IV quartile as the reference, the fourth APACHE 
IV quartile was independently associated with an increased risk of ICU-acquired infection 
(subdistribution HR, 1.86; 95% CI, 1.18-2.92) (Table 3; eTable 4 in the Supplement). Moreover, 
patients with sepsis who developed an ICU-acquired infection had higher SOFA scores up to 
2 days before the event than did those who did not (P ≤ .001) (eFigure 3 in the Supplement). 
Other independent risk factors for ICU-acquired infection were respiratory insufficiency 
as comorbid condition (subdistribution HR, 1.44; 95% CI, 1.05-2.99), the use of a central 
venous catheter (subdistribution HR, 2.63; 95% CI, 1.53-4.53), and mechanical ventilation 
(subdistribution HR, 6.22; 95% CI, 1.54-25.17) (Table 3). In a sensitivity analysis including 
only first admissions (n = 1504), the third and fourth APACHE IV quartile were independently 
associated with an increased risk of ICU-acquired infection with a subdistribution HR of 1.70 
(95% CI, 1.05-2.75) and 2.05 (95% CI, 1.26-3.34), respectively (eTable 5A in the Supplement). 
The same was true for a sensitivity analysis in which only patients with 1 admission (n = 1333) 
were included with subdistribution HRs of 1.86 (95% CI, 1.12-3.09) and 2.20 (95% CI, 1.31-
3.69), respectively (eTable 5B in the Supplement).
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Table 3. Multivariable competing risk analysis for acquiring an infection while on the ICU in 
patients with a sepsis admission diagnosis.

Risk factors
Discharge

CSHR  
(95% CI)

Mortality
CSHR  

(95% CI)

ICU- 
acquired 
infection

CSHR  
(95% CI)

ICU-acquired 
infection

SHR (95% CI)

Admission 
APACHE 1st quartile (<64), reference 1 1 1 1

APACHE 2
nd

 quartile (64-80) 0.86 (0.74-1.01) 1.19 (0.71-2.00) 0.95 (0.61-1.47) 1.24 (0.80-1.93)

APACHE 3
rd

 quartile (81-99) 0.82 (0.69-0.97) 1.58 (0.95-2.62) 1.16 (0.74-1.82) 1.53 (0.99-2.37)

APACHE 4
th

 quartile (100-205) 0.69 (0.57-0.83) 2.06 (1.24-3.43) 1.37 (0.87-2.16) 1.86 (1.18-2.92)

Male gender 0.96 (0.85-1.07) 0.79 (0.61-1.04) 1.25 (0.95-1.65) 1.31 (1.00-1.73)

Age (per 1 year) 1.01 (1.00-1.01) 1.01 (1.00-1.02) 1.00 (0.99-1.00) 0.99 (0.98-0.997)

Surgical admission 1.10 (0.96-1.26) 0.94 (0.67-1.33) 1.15 (0.83-1.59) 1.06 (0.77-1.45)

Organ failure (per number of organs 
failing ranging from 0-5) 0.97 (0.90-1.05) 1.46 (1.24-1.71) 1.11 (0.93-1.31) 1.00 (0.86-1.17)

SOD use versus SDD 1.12 (0.99-1.27) 1.03 (0.77-1.37) 0.97 (0.73-1.30) 0.89 (0.67-1.19)

Chronic comorbidity
Immunocompromised state 1.04 (0.89-1.21) 0.98 (0.70-1.36) 1.17 (0.85-1.61) 1.15 (0.83-1.58)

Cardiovascular insufficiency 0.97 (0.85-1.12) 0.83 (0.60-1.14) 0.85 (0.62-1.17) 0.89 (0.64-1.23)

Malignancy 1.04 (0.90-1.20) 1.22 (0.89-1.67) 0.76 (0.54-1.07) 0.70 (0.50-0.99)

Renal insufficiency 1.23 (1.01-1.49) 0.77 (0.50-1.18) 1.29 (0.87-1.92) 1.16 (0.79-1.71)

Respiratory insufficiency 0.99 (0.85-1.15) 1.00 (0.70-1.43) 1.31 (0.95-1.80) 1.44 (1.05-2.99)

Interventions during admission a

Urinary catheter 0.70 (0.55-0.89) 1.33 (0.59-3.04) 1.30 (0.57-2.96) 1.79 (0.79-4.06)

Central venous catheter 0.66 (0.56-0.76) 0.87 (0.53-1.42) 1.43 (0.82-2.50) 2.63 (1.53-4.53)

Surgical drain 1.07 (0.88-1.30) 0.83 (0.54-1.29) 1.19 (0.80-1.77) 1.21 (0.81-1.80)

Mechanical ventilation 0.23 (0.18-0.29) 1.02 (0.37-2.79) 1.11 (0.27-4.59) 6.22 (1.54-25.17)

Renal replacement therapy 0.53 (0.44-0.64) 1.01 (0.71-1.42) 0.84 (0.59-1.19) 1.32 (0.94-1.87)

Hydrocortisone >200mg 0.77 (0.67-0.87) 1.03 (0.75-1.40) 1.06 (0.79-1.43) 1.34 (0.998-1.80)

a All interventions were included until the onset of the event .
A multivariable competing risk analysis provides two measures of association: the cause specific hazard ratio 
(CSHR) which estimates the direct effect of the exposure of interest (i.e., severity of disease) on the various 
outcomes (i.e., ICU discharge, ICU mortality and the development of an ICU-acquired infection), and the 
subdistribution hazard ratio (SHR), which describes the risk for the development of an ICU-acquired infection 
while accounting for the competing events. A lower CSHR for discharge means that there is a lower hazard for 
discharge, in other words a higher likelihood for longer ICU stays. Admission variables included in this model 
were quartiles of Acute Physiology and Chronic Health Evaluation (APACHE)-IV score, gender, age, admission 
type (medical versus surgical), the absolute number of organs failing at admission (ranging from 0-5), the use 
of either SDD or SOD, the comorbidities; a history of immunocompromised state, cardiovascular insufficiency, 
malignancy, renal and respiratory insufficiency, and the use of urinary catheter, central venous catheter, surgical 
drain, mechanical ventilation, renal replacement therapy and the use of corticosteroids before the event (ICU-
acquired infection, mortality or discharge).
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In patients with multiple ICU-acquired infections, only the first ICU-acquired infection was used. 
APACHE IV: Acute Physiology And Chronic Health Evaluation; CI: confidence intervals; CSHR: cause specific 
hazard ratio; SHR: subdistribution hazard ratio; SOD: selective oropharyngeal decontamination; SDD: Selective 
decontamination of the digestive tract. 

Outcome and Population Attributable Mortality Fraction of ICU-Acquired Infections in 
Patients With a Sepsis Admission Diagnosis 
Relative to patients with sepsis who did not develop an infection while in the ICU, those 
who did had a longer ICU length of stay (22 days [IQR, 15-33] vs 5 days [IQR, 3-9], P < .001)), 
more complications and a higher mortality (day 60, 88 patients [44.2%] vs 381 patients 
[29.1%], P < .001; difference, 15.0%; 95% CI, 7.8%-22.4%) (Table 1).
The population attributable mortality fraction caused by ICU-acquired infection gradually 
increased over time (Figure 2). The population attributable mortality fraction was 5.5% (95% 
CI, −0.3% to 11.3%; P = .06) by day 30 and 10.9% (95% CI, 0.9%-20.9%; P = .03) by day 60; the 
difference between mortality in the entire cohort and mortality in the subgroup of patients 
without ICU-acquired infection was 0.9% (95% CI, −0.1% to 1.9%; P = .08) by day 30 and 2.0% 
(95% CI, 0.2% to 3.8%; P = .03) by day 60.

Sensitivity and Subgroup Analyses in Patients With a Sepsis Admission Diagnosis 
Sensitivity and subgroup analyses are shown in eTable 6 in the Supplement. When the 
analysis was restricted to only patients with severe sepsis on admission or only patients with 
septic shock on admission, the incidence of ICU-acquired infections was 14.2% (n = 218) and 
17.8% (n = 104), respectively. The population attributable mortality fractions were 10.1% (95% 
CI, −1.0% to 21.1%; P = .07) and 7.7% (95% CI, −11.6% to 27.1%; P = .44) by day 60, respectively. 
When patients with only definite and probable infection likelihoods at admission were 
included in the analysis, the incidence of ICU-acquired infections was 14.4% (n = 178) with a 
population attributable mortality fraction of 12.7% (95% CI, 0.3%-25.1%; P < .05) by day 60. 
When only first admissions were included (ie, exclusion of all readmissions), the incidence of 
ICU-acquired infections was 13.2% (n = 199) and the population attributable mortality fraction 
9.7% (95% CI, −1.1% to 20.5%; P = .08) by day 60. When only patients with a single admission 
were included (ie, exclusion of all patients with >1 admission), the incidence of ICU-acquired 
infections was 13.5% (n = 180) and the population attributable mortality fraction, 9.1% (95% 
CI, −1.9% to 20.1%; P = .11) by day 60.
The 3 most common ICU-acquired infections—catheter-related bloodstream infection, 
ventilator-associated pneumonia, and abdominal infection—were also analyzed separately 
(eTable 7 in the Supplement). The incidence of these infections was 4.7% (n = 74), 3.5% 
(n = 54), and 2.9% (n = 44), respectively; their population attributable mortality fraction 4.7% 
(95% CI, −4.5% to 13.9%; P = .32), 4.6% (95% CI, −13.9% to 23.2%, P = .63), and 0.3% (95% CI, 
−2.9% to 3.6%; P = .86) respectively at 60 days.
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Figure 2. Population attributable mortality fraction of ICU-acquired infections in patients with a 
sepsis admission diagnosis. 

A) Estimated intensive care unit (ICU)-mortality calculated using the multistate model (see the Methods section 
in the Supplement). Shaded areas represent 95% CIs. 
B) Population attributable ICU mortality fraction over time adjusted for quartiles of Acute Physiology and Chronic 
Health Evaluation IV score and quartiles of age. The population attributable mortality fraction was expressed 
as the percentage of ICU mortality caused by the ICU-acquired infections. The negative values of attributable 
mortality fraction in the first 14 days after ICU admission are most likely driven by the most severely ill patients 
encountering the competing event (death without ICU-acquired infection) before being able to develop an ICU-
acquired infection24; additionally, the discharge hazard for patients with an ICU-acquired infection is smaller 
than the discharge hazard for patients without an ICU-acquired infection, resulting in a higher chance of dying 
(longer ICU stay) and a delay in deaths in the former group, leading to a negative attributable mortality fraction 
in the earlier days. 

Host Response in Patients With a Sepsis Admission Diagnosis 
In exploratory analyses, we determined whether the host response to the inciting sepsis event 
differed between patients who did and those who did not develop an ICU-acquired infection. 
To this end, we analyzed the blood leukocyte whole-genome transcriptome in patients with 
sepsis enrolled during the first 1.5 years of this study with an admission infection likelihood 
of definite or probable (eTable 8 in the Supplement). Both patients who did and those who 
did not develop an ICU-acquired infection presented changes in admission gene expression 
profiles compared with healthy participants; however, there were no differences between 
the 2 groups (Figure 3A). Common overexpressed genes were associated with typical 
proinflammatory and anti-inflammatory pathways, such as toll-like receptors, interleukin 
1 (IL-1), IL-6, IL-8, and IL-10 signaling, as well as with mitochondrial (dys)function; common 
underexpressed genes associated with energy metabolism, antigen presentation, and T-cell 
functions (eTable 9 in the Supplement).
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Figure 3. Genome-wide transcriptional analysis of blood leukocytes from patients with sepsis who 
do and those who do not acquire an infection while on the ICU. 

A) Genome-wide blood gene expression profiles of 64 patients who developed an intensive care unit (ICU)-
acquired infection and 397 patients who did not were each compared to 42 healthy controls. This analysis revealed 
97% of the significantly altered gene transcripts in patients with and without acquired infection were common 
(n=16,002). Log2 fold changes relate to differences in gene expression between patients and healthy controls. 
Spearman correlation analysis of the resultant log2-transformed fold changes of standard biotin-fluorescence 
intensities per gene transcript between patients and healthy subjects (intensity genei,patients – intensity genei,health) 
showed a strongly correlating gene expression response. No differences in blood transcriptional profiles were 
uncovered when directly comparing patient with ICU-acquired infections with samples from patients with no 
ICU-acquired infection. ρ Indicates Spearman ρ. Each dot represents a specific gene transcript. 
(B and C) Volcano plot representation (integrating log2 foldchanges and –log10 Benjamin Hochberg [BH] P 
values) of genome-wide blood transcriptional profiles of paired ICU admission and event (follow up) samples 
from 9 patients with no and 19 patients with ICU-acquired infection. Log2 fold changes relate to the difference 
in gene expression between (paired) admission and follow up samples. Each dots represents a specific gene 
transcript. (B) Gene expression profiles of patients without ICU-acquired infection sampled at ICU admission 
were compared to samples taken at the onset of a noninfectious ICU-acquired complication (2 acute lung 
injuries, 6 acute kidney injuries, 1 acute myocardial infarction). No differences were identified. 
(C) Gene expression profiles of patients with ICU-acquired infections sampled at ICU admission were compared 
with samples taken at the onset of an ICU-acquired infectious complication. A total of 128 significantly different 
genes were identified in the paired samples of patients with ICU-acquired infections. Grey dots denote 
nonsignificant genes; red dots denote significantly over-expressed genes (n=11); blue dots denote significantly 
under-expressed genes (n=117). 
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(D) Heat map representation of samples from 19 patients with ICU-acquired infections collected at both ICU 
admission and at the onset of the infectious complication (paired analysis). Glycolysis-I gene expression values 
(log2-transformed intensities) were scaled and depicted in color code format, with red denoting over-expression 
and blue denoting under-expression. GPI indicates glucose-6-phosphate isomerase; TPI1, triosephosphate 
isomerase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK1, phosphoglycerate kinase 1; PGAM1, 
phosphoglycerate mutase 1; ENO1, enolase 1.

In paired analyses comparing global gene expression profiles on ICU admission with 
gene expression profiles at the time of ICU-acquired infection, ICU-acquired infection was 
associated with a reduced expression of genes involved in cellular gluconeogenesis and 
glycolysis (Figure 3C and D; eFigure 4 in the Supplement). In contrast, paired analyses 
of leukocyte gene expression profiles determined on admission and at the time of a 
noninfectious ICU-acquired complication did not reveal differences (Figure 3B).

ICU-Acquired Infections in Patients With a Noninfectious Admission Diagnosis 
We also analyzed the incidence and population attributable mortality fraction of ICU-
acquired infections in patients with a noninfectious admission diagnosis during the same 
period (1921 admissions, involving 1825 patients; eTable 10 in the Supplement). Of these, 291 
admissions (15.1%) were complicated by 366 ICU-acquired infections. The median interval 
from admission to the first ICU-acquired infection was 4 days (IQR, 3-7 days) (eTable 11 in 
the Supplement). The incidence of ICU-acquired infections per week is shown in eFigure 5 
in the Supplement. Pneumonia was the most common ICU-acquired infection (117 patients 
[48.4%]; eTable 11 in the Supplement). Gram-positive and gram-negative bacteria were 
identified as causative pathogen in similar proportions (124 patients [33.9%] and 122 [33.3%], 
respectively; eTables 11 and 12 and eFigure 6 in the Supplement). Patients who developed 
an ICU-acquired infection were less often admitted for respiratory failure (21 patients [7.2%] 
vs 201 [12.3%], P = .01; difference, 5.1%; 95% CI, 1.2%-8.1%); eTable 13 in the Supplement). 
Use of SDD was slightly less common in patients who developed an ICU-acquired infection 
(201 patients [69.1%]) than in those who did not (1227 patients [75.3%]); P = .03; difference, 
6.2%; 95% CI, 0.7%-12.1%; eTable 10 in the Supplement). There was an association between 
prior severity of disease and the development of an ICU-acquired infection: patients who 
developed an ICU-acquired infection had higher APACHE IV and SOFA scores and more shock 
on admission (eTable 10 in the Supplement) and had higher SOFA scores up to 2 days before 
the event (eFigure 7 in theSupplement). Patients with an ICU-acquired infection had higher 
mortality rates than those who did not develop an infection while in the ICU (eTable 10 in 
the Supplement). The population attributable mortality fraction of ICU-acquired infection was 
16.8% (95% CI, 7.1%-26.4%; P < .001) by day 30 and was 21.1% (95% CI, 0.6%-41.7%; P = .04) 
by day 60 (eFigure 8 in the Supplement); the difference between mortality in the entire cohort 
and mortality in the subgroup of patients without ICU-acquired infection was 2.2% (95% CI, 
0.9%-3.4%; P < .001) by day 30 and was 2.8% (95% CI, 0.1%-5.6%; P < .05) by day 60.
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 Discussion
In this prospectively enrolled ICU cohort, 13.5% of sepsis admissions was complicated by 
1 or more ICU-acquired infections, which was associated with a population attributable 
mortality fraction of 10.9% (95% CI, 0.9%-20.9%) by day 60. The difference between mortality 
in all patients with sepsis and mortality in patients with sepsis who did not develop an 
ICU-acquired infection was 2.0% (95% CI, 0.2%-3.8%) at day 60. The results on population 
attributable mortality fraction appeared robust in several sensitivity and subgroup analyses. 
This relatively low population attributable mortality fraction is informative for future clinical 
trials seeking to prevent ICU-acquired infections with mortality as an end point. Besides 
previously described risk factors, such as the use of central venous lines and mechanical 
ventilation26,27, patients with more severe disease were at increased risk of acquiring an 
infection while in the ICU.
In a subgroup of patients with sepsis, we performed exploratory analyses of whole-genome 
expression profiles in blood leukocytes obtained on ICU admission in an effort to disclose 
immunological signs of immune suppression in those who went on to acquire an infection 
while in the ICU. However, the leukocyte genomic response to the inciting sepsis event was 
not different between patients who did and those who did not develop an ICU-acquired 
infection. The common genomic response was characterized by concurrent up-regulation 
of multiple proinflammatory and anti-inflammatory pathways, and down-regulation of 
adaptive immunity pathways, corroborating previous studies28 Paired follow-up samples 
revealed no alterations in the leukocyte transcriptome in patients who developed a 
noninfectious ICU-acquired complication. In contrast, patients with an ICU-acquired infection 
developed a diminished expression of genes involved in leukocyte glucose metabolism. 
Glycolysis is an essential energy source for immune cells and their capacity to mount an 
inflammatory response, a phenomenon known as the Warburg effect in malignant cells29,30. 
Thus, the transcriptome data in our study suggest a role for impaired glycolysis in immune 
suppression in patients with sepsis and their susceptibility for ICU-acquired infections3-6. The 
common genomic response, showing concurrent proinflammatory and immune suppressive 
alterations, remained unchanged during follow-up of patients with sepsis. Such sustained 
concurrent proinflammatory and immune suppressive responses have also been described 
in patients after major noninfectious injury31. The data in our study support the notion that 
the same pathophysiological mechanisms apply to patients with sepsis32. 
When analyzing the incidence and outcome of ICU-acquired infections in patients admitted 
for a noninfectious condition during the same study period, we did not directly compare these 
patients with those with a sepsis admission diagnosis because of the large differences between 
these 2 groups, including different exposure to antibiotic therapy and different lengths of ICU 
stay. Nevertheless, taking these limitations into account, a few findings deserve attention. First, 
the incidence of ICU-acquired infections after the first week of ICU stay was comparable in both 
admission groups. Second, a higher proportion of patients with a sepsis admission diagnosis 
acquired more than 1 infection in the ICU compared with patients with a noninfectious 
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admission diagnosis. Third, patients with sepsis on admission developed more ICU-acquired 
infections with opportunistic pathogens like enterococci,  Pseudomonas aeruginosa, and 
viruses, hinting at possible immune suppression. Fourth, the population attributable mortality 
fraction of ICU-acquired infection does not seem to be higher in patients with a sepsis admission 
diagnosis than in patients admitted with a noninfectious condition. 
A strength of this study was that it prospectively followed up all patients admitted to 2 mixed 
ICUs who were at risk of developing an ICU-acquired infection during a 2.5-year period, 
during which clinical and microbiological data were collected by researchers, resulting in 
detailed and validated documentation of daily ICU events in clinical practice. However, study 
limitations need to be considered. First, gene expression analyses of blood leukocytes only 
provide insight in immune pathways regulated at mRNA level in circulating cells. Second, the 
2 ICUs contributing to the current cohort participated in a cluster randomized trial evaluating 
SDD vs SOD11 during approximately 50% of this observational study; otherwise, patients 
received SDD, the standard of care in the Netherlands. Although our study was not designed 
to compare SDD with SOD, subgroup analyses are concordant with data from 2 large clinical 
trials on this topic11,33, ie, relative to SDD, SOD had no effect on mortality and was associated 
with a modest increase in the incidence of ICU-acquired infections. This latter finding only 
was demonstrable in patients with a noninfectious admission diagnosis, which may be 
related to the fact that patients with sepsis are almost invariably treated with systemic broad-
spectrum antibiotics during the first days after ICU admission. The use of SDD may influence 
generalization of our results to ICUs without SDD.

Conclusion 
Intensive care unit-acquired infections occurred more commonly in patients with sepsis with 
higher disease severity, but such infections contributed only modestly to overall mortality. 
The blood genomic response of patients with sepsis was consistent with immune suppression 
at the onset of secondary infection.
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Supplementary data

Supplementary Content:

eMethods  containing information on patient inclusion, comorbidities, micro array analysis 
statistical analysis and missing data.

eTable 1.   Diagnostic criteria for sepsis in adults according to 2001 International Sepsis 
Definitions Conference. 

eTable 2.  Causative pathogens of ICU-acquired infections after admission for sepsis.
eTable 3.   Admission diagnoses of patients with sepsis who did and those who did not 

develop an ICU-acquired infection. 
eTable 4A.   Total sample size and crude number of admissions experiencing the outcome 

for competing risk analysis. 
eTable 4B.    Crude competing risk analysis for acquiring an ICU-acquired infection in patients 

with sepsis.
eTable 5A.   Multivariate competing risk analysis for acquiring an ICU-acquired infection in 

patients with sepsis (only first admissions included, n=1504).
eTable 5B.   Multivariate competing risk analysis for acquiring an ICU-acquired infection in 

patients with sepsis (only patients with one admission included, n=1333).
eTable 6.   Sensitivity and subgroup analyses of incidence and attributable mortality 

fraction of ICU-acquired infections patients admitted with sepsis.
eTable 7.   Baseline characteristics and outcome of patients who acquired catheter-

associated blood stream infection, ventilator-associated pneumonia or 
abdominal infection while on the ICU.

eTable 8.   Baseline characteristics and outcome of patients with sepsis included in the 
whole genome expression analyses.

eTable 9.   Ingenuity pathway analysis of the common over-expressed and under-expressed 
genes in patients who developed an ICU-acquired infection and those who did 
not. 

eTable 10.  Baseline characteristics and outcome of patients admitted with a noninfectious 
condition stratified to the development of an ICU-acquired infection or not.

eTable 11.   Characteristics of ICU-acquired infections after admission for a noninfectious 
condition. 

eTable 12.   Causative pathogens of ICU-acquired infections after admission for a 
noninfectious condition.

eTable 13.   Admission diagnoses of patients admitted with a noninfectious condition 
stratified according to the development of an ICU-acquired infection or not.
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eFigure 1.   Incidence of ICU-acquired infections over time after admission for sepsis.
eFigure 2.  Causative micro-organisms in ICU-acquired infections after admission for sepsis.
eFigure 3.  SOFA scores up to 2 days before event (ICU-acquired infection or discharge/

mortality) in patients admitted with sepsis stratified by development (or not) of 
an ICU-acquired infection).

eFigure 4.  Ingenuity pathway analysis showing the underexpressed glycolysis I and 
gluconeogenesis I pathways in leukocytes from patients with an ICU-acquired 
infection.

eFigure 5.   Incidence of ICU-acquired infections over time after admission for noninfectious 
disease.

eFigure 6.  Causative micro-organisms in ICU-acquired infections after admission for 
noninfectious disease.

eFigure 7.  SOFA scores up to 2 days before event (ICU-acquired infection of discharge/
mortality) in patients admitted with a noninfectious condition stratified by 
development (or not) of an ICU-acquired infection.

eFigure 8.  Population attributable mortality fraction of ICU-acquired infections in patients 
with a noninfectious admission diagnosis. 
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Methods

Patients
Both study intensive care units (ICUs) participated in a cluster randomized crossover trial 
conducted in 16 Dutch hospitals in which ICUs were randomized to start with either selective 
decontamination of the digestive tract (SDD) or selective oropharyngeal decontamination 
(SOD) for 12 months (after a wash-in period of 1 month)1. Academic Medical Center (AMC) 
participated from June 1 2010 to July 2012, University Medical Center (UMC) Utrecht from 
May 1 2010 – June 1 2012; outside these study periods both centers used SDD, which is 
standard of care in the Netherlands. SDD and SOD regimens have been described1,2 and 
consisted of oropharyngeal application (every 6 hours) of a paste containing colistin, 
tobramycin, and amphotericin B, each in a 2% concentration (in patients receiving SDD and 
SOD), and administration (every 6 hours) of a 10-mL suspension containing colistin (100 mg), 
tobramycin (80 mg as sulfate), and amphotericin B (500 mg) via nasogastric tube (in patients 
receiving SDD). Topical antibiotics were applied until ICU discharge. In addition, cefotaxime 
(1 g 4 times daily) was administered intravenously during the first 4 days in the ICU as part of 
SDD but not as part of SOD.
Of all patients, the exact date and time of ICU-admission was known. Since it was not possible 
to set a time for the development of an infection, all infections were set to 0.00 hours of the 
day that they occurred. Subsequently, the onset of an ICU-acquired infection was calculated 
using the exact time of ICU admission and the timing of the ICU-acquired event, rounded for 
days.

Definition of comorbidities
Immunocompromise was defined as a medical history of immune deficiency, human 
immune deficiency virus (HIV) or acquired immune deficiency syndrome (AIDS), or by the use 
of corticosteroids or antineoplastic medication. Cardiovascular insufficiency was defined as 
having a medical history of congestive heart failure, chronic cardiovascular disease, peripheral 
vascular disease or cerebrovascular disease. Malignancy was defined as a medical history of 
either non-metastatic solid tumor, metastatic malignancy or hematologic malignancy. Renal 
insufficiency was defined as a history of chronic renal insufficiency or chronic intermitted 
hemodialysis or continuous ambulatory peritoneal dialysis. Respiratory insufficiency was 
defined as chronic obstructive pulmonary disease or respiratory insufficiency in the medical 
history. 

Microarray analysis and bioinformatics
For gene expression measurements, whole blood was collected in PAXgene™ tubes (Becton-
Dickinson, Breda, the Netherlands) within 24 hours after ICU admission of 421 patients (461 
admissions) enrolled between January 2011 and July 2012 with probable or definite infection 
according to criteria previously described3 and at least one additional parameter described in 
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the 2001 International Sepsis Definition Conference (eTable 14). In addition, paired PAXgene™ 
tubes (admission and ICU-acquired event) were available from 19 patients who developed 
an ICU-acquired infection and from 9 patients who developed a noninfectious ICU-acquired 
complication (acute lung injury, n = 2; acute kidney injury, n = 6; acute myocardial infarction, 
n=1: these noninfectious complications were predefined in the study protocol and occurred 
at median day 3, interquartile range (IQR) 3-10 after ICU admission). Event samples were 
drawn within 24 hours around the development of the ICU-acquired event. PAXgene blood 
samples were also obtained from 42 healthy controls (median age 35 IQR 30-63 years; 57% 
male) after providing written informed consent.
Total RNA was isolated using the automated QIAcube machine (Qiagen, Venlo, the Netherlands) 
in combination with the blood mRNA kit (Qiagen) according to manufacturer’s instructions. 
Quality and integrity of RNA was assessed by Nanodrop spectrophotometry (260:280nm) and 
bioanalysis (Agilent, Amstelveen, the Netherlands). RNA (RNA integrity number > 6.0) was 
processed and hybridized to the Human Genome U219 96-array plate using the GeneTitanR 
instrument (Affymetrix) at the Cologne Center for Genomics, Cologne, Germany, as described 
by the manufacturer (Affymetrix). Raw data scans (.CEL files) were read into the R language and 
environment for statistical computing (version 2.15.1; R Foundation for Statistical Computing, 
Vienna, Austria; http://www.R-project.org/). Pre-processing and quality control was performed 
by using the Affy package version 1.36.15. Array data were background corrected by Robust 
Multi-array Average, quantiles-normalized and summarized by medianpolish using the 
expresso function (Affy package). The resultant 49,386 probe intensities were filtered by means 
of a 0.5 variance cutoff using the genefilter method6 to recover 24,646 expressed probes. 
The occurrence of non-experimental chip effects was evaluated by means of the Surrogate 
Variable Analysis (R package version 3.4.0)7 and corrected by the empirical Bayes method 
ComBat8. The non-normalized and normalized Molecular Diagnosis and Risk Stratification of 
Sepsis (MARS) gene expression data sets are available at the Gene Expression Omnibus public 
repository of NCBI under accession number GSE65682.
The 24,646 probes were assessed for differential abundance in both admission samples 
discordant for ICU-acquired infections as well as paired admission and follow-up samples 
by means of the limma method (version 3.14.4)9-11. Throughout Benjamini-Hochberg (BH)12 
multiple comparison adjusted probabilities, correcting for the 24,646 probes (false discovery 
rate < 5%), defined significance. Ingenuity Pathway Analysis (Ingenuity Systems IPA, www.
ingenuity.com) was used to evaluate the association to canonical signaling pathways 
stratifying genes by over- and under-expressed patterns. The Ingenuity gene knowledgebase 
was selected as reference and human species specified. All other parameters were default. 
Association significance was measured by Fisher’s exact test BH-adjusted p-values. 

Statistical analysis
All consecutive patient admissions were included in the cohort. The baseline characteristics 
age, sex, race, and comorbidities are shown for each first admission for sepsis (or a 
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noninfectious condition). For patients admitted for sepsis after an admission for a 
noninfectious condition, the first sepsis admission was used. Survival status was calculated 
from the first ICU admission with the same admission reason (i.e., sepsis or noninfectious) 
of every patient, except for ICU mortality, for which all ICU admissions were used. For all 
other parameters, readmissions for the same admission reason were included as unique 
admissions.
All results are presented as numbers (percentages) for categorical variables, median and 
interquartile ranges [IQR] for non-parametric quantitative variables and mean and standard 
deviation (SD) for parametric quantitative variables. Continuous non-parametric data were 
analyzed using a Mann-Whitney U or Kruskal-Wallis test, categorical data were analyzed 
using a 2- tailed χ² or Fisher exact test, as appropriate. All continuous parametric data were 
analyzed using a t-test or analysis of variance when appropriate. All data were analyzed using 
R studio built under R version 3.0.2 (R Core Team 2013, Vienna, Austria)13. For population 
attributable mortality fraction analysis the R-package “mstate” was used. 
For the analysis of Sequential Organ Failure Assessment (SOFA) scores during ICU stay a 
mixed-effects model was executed. In a mixed-effect model repeated measures within the 
same individual are taken into account. The mixed-effect model was tested in multiple ways, 
using both 10log transformed and non-log transformed SOFA scores. The SOFA score up to 2 
day before the ICU-acquired event was used to overcome the effect of the event on outcome.
For all comparative percentages reported in the text of the main manuscript differences and 
95% confidence intervals were calculated using R package pairwiseCI.
P<.05 (2-sided) was considered statistically significant.

Competing risk analysis
To identify risk factors for the development of an ICU-acquired infection we used a 
multivariable competing risk survival model. A multivariable competing risk analysis provides 
two measures of association: the cause specific hazard ratio (CSHR) which estimates the 
direct effect of the exposure of interest (i.e., severity of disease) on the various outcomes 
(i.e., ICU discharge, ICU mortality and the development of an ICU-acquired infection), and the 
subdistribution hazard ratio (SHR), which describes the risk for the development of an ICU-
acquired infection while accounting for the competing events. Admission variables included 
in this model were quartiles of Acute Physiology and Chronic Health Evaluation IV (APACHE-
IV) score, sex, age, admission type (medical versus surgical), the absolute number of organs 
failing at admission (ranging from 0-5), the use of either SDD or SOD, the comorbidities; a 
history of immunocompromised state, cardiovascular insufficiency, malignancy, renal and 
respiratory insufficiency, and the use of urinary catheter, central venous catheter, surgical 
drain, mechanical ventilation, renal replacement therapy and the use of corticosteroids 
before the event (ICU-acquired infection, mortality or discharge). 
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Multistate model for population attributable mortality fraction
The attributable mortality fraction (or population attributable fraction, PAF) can be interpreted 
as the proportion of ICU deaths that could theoretically be avoided if ICU-acquired infections 
could completely be prevented14. The PAF can be mathematically represented as: PAF = 
[P(D)- P(D|E –)]/ P(D), where P(D) is the overall probability of dying in the study population 
and P(D|E –) is the conditional probability of dying, given no exposure to an ICU-acquired 
infection. The absolute mortality difference is the total mortality in the study population 
minus the mortality in the population without an ICU-acquired infection. It can be calculated 
by multiplying the PAF and the overall mortality in the study population15. A multistate 
approach was used in order to estimate the population attributable fraction. A progressive 
disability model was fitted in order to account for the time dependency of the risk factor, the 
presence of competing risks (i.e., discharge or mortality without an ICU-acquired infection) 
at each time point, and the heterogeneity of the study population. The multistate model 
used is derived from a Markov model16. Quartiles of APACHE-IV scores and of age per specific 
patient population (i.e., sepsis and noninfectious) were used as co-variables. In this model, 
an estimator for the population attributable mortality fraction can be derived in terms of 
the transition probabilities. The transition probabilities of a time-inhomogeneous Markov 
multistage model were estimated with the Aalen-Johansen estimator. The arrival time in a 
state (the past) was tested for significance for a given transitions (the future) by including it 
as a covariate in a Cox model for the transition hazards. Since the test was not significant, 
the Markov assumption was reasonable for our dataset. For this multivariable analysis only 
the first ICU-acquired infection was used. The population attributable mortality fraction 
was expressed as the percentage of ICU mortality caused by the ICU-acquired infections. 
Confidence intervals (CI) were calculated by bootstrap resampling (N=4000 at seed 2).

Missing data
Demographic, clinical and discharge data were imported in the data base from electronic 
medical records. Missing data or inconsistencies were checked and added manually by 
the research team. Records of comorbidities were also complete (the presence of each 
comorbidity was default set to 0 and could be actively set to 1). Patient race was unknown in 33 
(2.1%) patients with a sepsis admission diagnosis and 51 (3.4%) patients with a noninfectious 
admission diagnosis. SOFA scores were missing in 75 (4.4%) admissions for sepsis and in 91 
(4.7%) admissions for noninfectious disease. Lost to 1 year follow-up is reported below the 
corresponding tables. Missing data were not imputed.  
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eTable 1. Diagnostic criteria for sepsis in adults according to 2001 International Sepsis Definitions 
Conference4. 

Infection documented or suspected, and some of the following:
General variables

Fever (core temperature >38.3°C)
Hypothermia (core temperature <36°C)
Heart rate >90 min-1 or >2 SD above the normal value for age
Tachypnea
Altered mental status
Significant edema or positive fluid balance (>20 mL/kg over 24 hrs)
Hyperglycemia (plasma glucose >120 mg/dL or 7.7 mmol/L) in the absence of diabetes

Inflammatory variables
Leukocytosis (WBC count >12.000 µL-1)
Leukopenia (WBC count <4000 µL-1)
Normal WBC count with >10% immature forms
Plasma C-reactive protein >2 SD above the normal value
Plasma procalcitonin >2 SD above the normal value

Hemodynamic variables
Arterial hypotension (SBP <90 mm Hg, MAP <70, or an SBP decrease >40 mm Hg)
SvO2 >70%
Cardiac index >3.5 L•min-1•m-2

Organ dysfunction variables
Arterial hypoxemia (PaO2/FIO2 <300)
Acute oliguria (urine output <0.5 mL•kg-1•hr-1 or 45 mmol/L for at least 2 hrs)
Creatinine increase >0.5 mg/dL
Coagulation abnormalities (INR >1.5 or aPTT >60 secs)
Ileus (absent bowel sounds)
Thrombocytopenia (platelet count <100,000 µL-1)
Hyperbilirubinemia (plasma total bilirubin >4 mg/dL or 70 mmol/L)

Tissue perfusion variables
Hyperlactatemia (>1 mmol/L)
Decreased capillary refill or mottling

Abbreviations: aPTT: activated partial thromboplastin time; INR: international normalized ratio; MAP: mean 
arterial blood pressure; SBP: systolic blood pressure; SD: standard deviation; SvO2: mixed venous oxygen 
saturation; WBC: white blood cell. 
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eTable 2. Causative pathogens of ICU-acquired infections after admission for sepsis. 

Gram-positive bacteria 151 (45.2%) Gram-negative bacteria 89 (26.6%)
Staphylococcus epidermidis 49 (14.7%) Pseudomonas aeruginosa 30 (9.0%)
Enterococcus faecium 40 (12.0%) Escherichia coli 13 (3.9%)
Enterococcus faecalis 21 (6.3%) Klebsiella pneumoniae 9 (2.7%)
Staphylococcus aureus 20 (6.0%) Stenothrophomas maltophilia 9 (2.7%)
Enterococcus species 16 (4.8%) Bacteroides species 6 (1.8%)
Clostridium difficile 2 (0.6%) Serratia marcescens 5 (1.5%)
Corynebacterium species 2 (0.6%) Enterobacter cloacae 4 (1.2%)
Streptococcus pneumoniae 1 (0.3%) Morganella species 3 (0.9%)

Pseudomonas species 2 (0.6%)
Virus 33 (9.9%) Haemophilus influenzae 1 (0.3%)

Herpes simplex reactivation 13 (3.9%) Citrobacter species 1 (0.3%)
Cytomegalovirus reactivation 7 (2.1%) Gram-negative bacilli 1 (0.3%)
Primary herpes simplex virus 7 (2.1%) Klebsiella oxytoca 1 (0.3%)
Other viruses 4 (1.2%) Enterobacter species 1 (0.3%)
Adenovirus 2 (0.6%) Enterobacteriaceae 1 (0.3%)

Actinetobacter species 1 (0.3%)
Proteus vulgaris 1 (0.3%)

Other 8 (2.4%) Fungi 32 (9.6%)
Other pathogens 5 (1.5%) Other fungi 12 (3.6%)
Polymicrobial or fecal flora 3 (0.9%) Candida albicans 9 (2.7%)

Candida glabrata 4 (1.2%)
Unknown 82 (24.5%) Aspergillus fumigatus 4 (1.2%)

Candida species (not specified) 2 (0.6%)
Candida kruseii 1 (0.3%)

Percentages depict the portion of ICU-acquired infections caused by the pathogen indicated. In total 313 
pathogens were assigned to 334 ICU-acquired infections; in 49 (14.7%) of all ICU-acquired infections more than 
one pathogen was assigned as causative.
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eTable 3. Admission diagnoses of patients with sepsis who did and those who did not develop an 
ICU-acquired infection. 

ICU-acquired  
infection

No ICU-acquired  
infection P value

N= 232 (13.5%) N= 1487 (86.5%)
Pulmonary tract 112 (48.3%) 778 (52.3%) .26

CAP 66 (28.4%) 419 (28.2%) .93
HAP 45 (19.4%) 349 (23.5%) .18
VAP 1 (0.4%) 10 (0.7%) >.99

Cardiovascular 17 (7.3%) 41 (2.8%) .001
Bacteremia 12 (5.2%) 19 (1.3%) .001
CRBSI 5 (2.2%) 22 (1.5%) .55

Abdominal tract 44 (19.0%) 244 (16.4%) .36
Abdominal infection 41 (17.7%) 226 (15.2%) .37
Gastrointestinal infection 3 (1.3%) 18 (1.2%) >.99

Neurological 5 (2.2%) 80 (5.4%) .04
Brain abscess 0 (0%) 22 (1.5%) .10
Primary meningitis 3 (1.3%) 30 (2.0%) .61
Secondary meningitis 2 (0.9%) 26 (1.7%) .42
Spinal Abscess 0 (0%) 2 (0.1%) >.99

Skin 5 (2.2%) 57 (3.8%) .26
Urinary tract 10 (4.3%) 72 (4.8%) .75
Other 39 (16.8%) 215 (14.5%) .37

Bone/joint infection 2 (0.9%) 16 (1.1%) >.99
Endocarditis 10 (4.3%) 49 (3.3%) .45
Mediastinitis 11 (4.7%) 48 (3.2%) .26
Myocarditis 0 (0%) 4 (0.3%) .65
Lung abscess 4 (1.7%) 15 (1.0%) .50
Other/unknown infection 4 (1.7%) 29 (2.0%) >.99
Oral infection 2 (0.9%) 12 (0.8%) >.99
Pharyngitis 1 (0.4%) 18 (1.2%) .37
Post-OP wound infection 1 (0.4%) 18 (1.2%) .36
Sinusitis 0 (0%) 4 (0.3%) .65
Viral infection 4 (1.7%) 2 (0.1%) .002

Abbreviations: CAP: community-acquired pneumonia; CRBSI: catheter related blood stream infection; HAP: 
hospital-acquired pneumonia; Post-OP: post-operative; VAP: ventilator-associated pneumonia. N is number of 
admissions
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eTable 4A. Total sample size and crude number of admissions experiencing the outcome for 
competing risk analysis. 

Risk factors
Total  

sample 
size

Total  
number 

discharged

Total  
number 

deceased

Total  
number 

with ICU-AI

Admission N = 1719 N = 1256 N = 231 N = 232
APACHE 1st quartile (<64) (reference) 451 389 24 38
APACHE 2

nd
 quartile (64-80) 425 336 40 49

APACHE 3
rd

 quartile (81-99) 424 300 61 63
APACHE 4

th
 quartile (100-205) 419 231 106 82

Men 1049 767 130 152
Age (per 1 year) 1719 1256 231 232
Surgical admission 393 293 47 53
Organ failure (per number of organs 
failing ranging from 0-5) 1719 1256 231 232

SOD users 550 402 78 70
Chronic comorbidity

Immunocompromised state 376 250 61 65
Cardiovascular insufficiency 428 317 53 58
Malignancy 368 258 64 46
Renal insufficiency 224 157 29 38
Respiratory insufficiency 322 229 40 53

Interventions during admission 

Urinary catheter 1631 1180 225 226
Central venous catheter 1397 970 210 217
Surgical drain 184 129 25 30
Mechanical ventilation 1598 1142 226 230
Renal replacement therapy 333 175 85 73
Hydrocortisone >200mg 769 489 142 138

All numbers in this table represent admissions
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eTable 4B. Crude competing risk analysis for acquiring an ICU-acquired infection in patients with 
sepsisa. 

Risk factors

Cause-Specific Hazard Ratio (95% CI) ICU-acquired 
infection 

Subdistribu-
tion Hazard 

Ratio (95% CI)

Discharge Mortality ICU-acquired 
infection

Admission 
APACHE 1st quartile (<64)  
(reference)

1 1 1 1

APACHE 2
nd

 quartile (64-80) 0.74 (0.64-0.86) 1.46 (0.88-2.43) 0.99 (0.65-1.51) 1.38 (0.90-2.10)

APACHE 3
rd

 quartile (81-99) 0.64 (0.55-0.74) 2.15 (1.34-3.46) 1.23 (0.82-1.84) 1.81 (1.21-2.71)

APACHE 4
th

 quartile (100-205) 0.46 (0.39-0.54) 3.60 (3.31-5.61) 1.48 (1.01-2.17) 2.44 (1.66-3.58)

Male gender 0.97 (0.87-1.09) 0.80 (0.62-1.04) 1.17 (0.89-1.53) 1.24 (0.94-1.62)

Age (per 1 year) 1.00 (0.9996-1.00) 1.01 (0.9883-1.02) 1.00 (0.99-1.01) 1.00 (0.99-1.00)

Surgical admission 1.12 (0.97-1.26) 0.92 (0.67-1.27) 1.09 (0.80-1.48) 1.00 (0.74-1.36)

Organ failure (per number of  
organs failing ranging from 0-5)

0.74 (0.70-0.79) 1.61 (1.42-1.82) 1.18 (1.04-1.35) 1.36 (1.20-1.54)

SOD use versus SDD 1.04 (0.92-1.17) 1.11 (0.85-1.46) 1.00 (0.75-1.32) 0.91 (0.69-1.21)

Chronic comorbidity
Immunocompromised state 0.82 (0.71-0.94) 1.20 (0.89-1.61) 1.23 (0.92-1.64) 1.42 (1.07-1.90)

Cardiovascular insufficiency 0.95 (0.84-1.08) 0.84 (0.61-1.14) 0.91 (0.67-1.22) 1.00 (0.75-1.35)

Malignancy 0.91 (0.79-1.04) 1.35 (1.01-1.81) 0.84 (0.61-1.16) 0.90 (0.65-1.24)

Renal insufficiency 0.97 (0.82-1.14) 0.96 (0.65-1.42) 1.34 (0.94-1.90) 1.33 (0.94-1.89)

Respiratory insufficiency 0.96 (0.83-1.11) 0.91 (0.65-1.28) 1.25 (0.92-1.69) 1.31 (0.96-1.78)

Interventions during admissionb

Urinary catheter 0.62 (0.49-0.79) 1.64 (0.73-3.68) 1.31 (0.58-2.96) 2.08 (0.93-4.69)

Central venous catheter 0.49 (0.42-0.55) 1.57 (0.9989-2.46) 1.70 (1.00-2.87) 3.50 (2.08-5.91)

Surgical drain 0.92 (0.76-1.01) 0.96 (0.63-1.45) 1.16 (0.78-1.70) 1.25 (0.85-1.84)

Mechanical ventilation 0.20 (0.16-0.24) 1.29 (0.53-3.16) 1.25 (0.31-5.10) 9.32 (2.32-37.48)

Renal replacement therapy 0.46 (0.39-0.64) 1.77 (1.35-2.31) 1.14 (0.86-1.50) 1.96 (1.49-2.59)

Hydrocortisone >200mg 0.59 (0.53-0.66) 1.56 (1.19-2.03) 1.24 (0.95-1.61) 1.87 (1.44-2.43)

Abbreviations: APACHE IV Acute Physiology And Chronic Health Evaluation; CI confidence intervals; CSHR cause 
specific hazard ratio; SHR subdistribution hazard ratio; SOD selective oropharyngeal decontamination;  SDD 
Selective decontamination of the digestive tract. 
aThis table represents a univariable competing risk analysis in which the individual contribution of only one 
variable to the outcome of interest (discharge/mortality/ICU-acquired infection) was calculated and given as 
an cause specific hazard ratio or subdistribution hazard ratio with 95% CI. In this analysis the variables were 
incorporated in the model individually, and their crude contribution to outcome is given. In the competing risk 
analysis in the main manuscript (presented in Table 3), all these variables were combined in one model.
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A multivariable competing risk analysis provides two measures of association: the cause specific hazard ratio 
which estimates the direct effect of the exposure of interest (i.e., severity of disease) on the various outcomes 
(i.e., ICU discharge, ICU mortality and the development of an ICU-acquired infection), and the subdistribution 
hazard ratio, which describes the risk for the development of an ICU-acquired infection while accounting for 
the competing events. A lower cause specific hazard ratio for discharge means that there is a lower hazard for 
discharge, in other words a higher likelihood for longer ICU stays. 
In patients with multiple ICU-acquired infections, only the first ICU-acquired infection was used. 
b All interventions were included until the onset of the event .
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eTable 5A. Multivariate competing risk analysis for acquiring an ICU-acquired infection in patients 
with sepsis (only first admissions included, n=1504)a. 

Risk factors

Cause-Specific Hazard Ratio (95% CI) ICU-acquired  
infection 

Subdistribu-
tion Hazard 

Ratio (95% CI)

Discharge Mortality ICU- 
acquired 
infection

Admission 
APACHE 1st quartile (<64) 
(reference)

1 1 1 1

APACHE 2
nd

 quartile (64-80) 0.89 (0.75-1.06) 1.22 (0.70-2.11) 1.04 (0.63-1.71) 1.29 (0.79-2.10)

APACHE 3
rd

 quartile (81-100) 0.82 (0.68-0.98) 1.46 (0.86-2.49) 1.30 (0.79-2.13) 1.66 (1.03-2.69)

APACHE 4
th

 quartile (101-205) 0.69 (0.56-0.84) 1.85 (1.08-3.18) 1.53 (0.93-2.52) 2.12 (1.30-3.47)

Men 0.95 (0.84-1.08) 0.79 (0.60-1.05) 1.09 (0.80-1.47) 1.19 (0.88-1.60)

Age (per 1 year) 1.01 (1.00-1.01) 1.02 (1.00-1.03) 0.99 (0.98-1.01) 0.99 (0.98-0.996)

Surgical admission 1.04 (0.90-1.20) 0.91 (0.64-1.30) 1.11 (0.79-1.57) 1.12 (0.80-1.57)

Organ failure (per number of 
organs failing ranging from 0-5)

0.95 (0.88-1.04) 1.48 (1.24-1.76) 1.16 (0.97-1.40) 1.04 (0.87-1.23)

SOD use versus SDD 1.09 (0.96-1.24) 0.98 (0.73-1.33) 1.02 (0.75-1.38) 0.96 (0.71-1.30)

Chronic comorbidity
Immunocompromised state 1.11 (0.94-1.31) 0.99 (0.69-1.41) 1.10 (0.77-1.56) 1.06 (0.75-1.50)

Cardiovascular insufficiency 0.99 (0.85-1.15) 0.82 (0.58-1.16) 0.81 (0.57-1.15) 0.86 (0.60-1.21)

Malignancy 1.07 (0.92-1.25) 1.29 (0.93-1.79) 0.76 (0.52-1.10) 0.68 (0.47-0.98)

Renal insufficiency 1.13 (0.91-1.40) 0.80 (0.51-1.26) 1.68 (1.11-2.55) 1.49 (0.99-2.23)

Respiratory insufficiency 1.02 (0.87-1.20) 0.96 (0.66-1.40) 1.40 (0.996-1.98) 1.49 (1.05-2.11)

Interventions during admissionb

Urinary catheter 0.76 (0.59-0.98) 1.25 (0.55-2.84) 1.27 (0.56-2.92) 1.63 (0.72-3.71)

Central venous catheter 0.67 (0.57-0.79) 0.85 (0.50-1.44) 1.39 (0.74-2.59) 2.73 (1.49-4.99)

Surgical drain 1.06 (0.85-1.32) 0.91 (0.56-1.46) 1.12 (0.70-1.80) 1.11 (0.70-1.78)

Mechanical ventilation 0.23 (0.18-0.30) 0.92 (0.33-2.54) 2.15 (0.29-15.75) 10.75 (1.50-77.15)

Renal replacement therapy 0.54 (0.44-0.67) 1.13 (0.79-1.63) 0.77 (0.53-1.12) 1.17 (0.80-1.70)

Hydrocortisone >200mg 0.76 (0.66-0.87) 1.00 (0.72-1.39) 1.05 (0.76-1.45) 1.38 (1.00-1.91)

Abbreviations: APACHE IV Acute Physiology And Chronic Health Evaluation; CI confidence intervals; CSHR cause 
specific hazard ratio; SHR subdistribution hazard ratio; SOD selective oropharyngeal decontamination;  SDD 
Selective decontamination of the digestive tract. 
a A multivariable competing risk analysis provides two measures of association: the cause specific hazard ratio 
which estimates the direct effect of the exposure of interest (i.e., severity of disease) on the various outcomes 
(i.e., ICU discharge, ICU mortality and the development of an ICU-acquired infection), and the subdistribution 
hazard ratio, which describes the risk for the development of an ICU-acquired infection while accounting for 
the competing events. A lower cause specific hazard ratio for discharge means that there is a lower hazard for 
discharge, in other words a higher likelihood for longer ICU stays. Admission variables included in this model 
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were quartiles of Acute Physiology and Chronic Health Evaluation (APACHE)-IV score, sex, age, admission type 
(medical versus surgical), the absolute number of organs failing at admission (ranging from 0-5), the use of 
either SDD or SOD, the comorbidities; a history of immunocompromised state, cardiovascular insufficiency, 
malignancy, renal and respiratory insufficiency, and the use of urinary catheter, central venous catheter, surgical 
drain, mechanical ventilation, renal replacement therapy and the use of corticosteroids before the event (ICU-
acquired infection, mortality or discharge).
In patients with multiple ICU-acquired infections, only the first ICU-acquired infection was used.
b All interventions were included until the onset of the event.
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eTable 5B. Multivariate competing risk analysis for acquiring an ICU-acquired infection in patients 
with sepsis (only patients with one admission included, n=1333)a.

Risk factors

Cause-Specific Hazard Ratio (95% CI) ICU-acquired 
infection

Subdistribution 
Hazard Ratio 

(95% CI)

Discharge Mortality ICU- 
acquired 
infection

Admission 
APACHE 1st quartile (<64) 
(reference)

1 1 1 1

APACHE 2
nd

 quartile (64-80) 0.91 (0.76-1.09) 1.14 (0.66-1.97) 1.17 (0.66-1.89) 1.35 (0.81-2.26)

APACHE 3
rd

 quartile (81-99) 0.80 (0.66-0.98) 1.44 (0.84-2.46) 1.47 (0.87-2.48) 1.86 (1.12-3.09)

APACHE 4
th

 quartile (100-205) 0.69 (0.56-0.86) 1.98 (1.16-3.39) 1.70 (1.01-2.87) 2.20 (1.31-3.69)

Male gender 0.97 (0.85-1.11) 0.81 (0.61-1.08) 1.16 (0.84-1.60) 1.28 (0.94-1.76)

Age (per 1 year) 1.01 (1.00-1.01) 1.01 (1.00-1.02) 0.99 (0.98-1.01) 0.98 (0.97-0.995)

Surgical admission 1.02 (0.87-1.20) 1.02 (0.71-1.45) 1.11 (0.77-1.61) 1.12 (0.78-1.61)

Organ failure (per number of 
organs failing ranging from 0-5)

0.94 (0.86-1.03) 1.47 (1.24-1.75) 1.16 (0.96-1.41) 1.02 (0.85-1.22)

SOD use versus SDD 1.12 (0.98-1.29) 0.98 (0.72-1.31) 1.02 (0.74-1.41) 0.94 (0.68-1.29)

Chronic comorbidity
Immunocompromised state 1.08 (0.90-1.30) 1.00 (0.70-1.42) 1.05 (0.73-1.53) 1.03 (0.71-1.49)

Cardiovascular insufficiency 0.97 (0.82-1.13) 0.81 (0.57-1.15) 0.76 (0.52-1.10) 0.83 (0.57-1.21)

Malignancy 1.05 (0.89-1.24) 1.23 (0.89-1.70) 0.78 (0.53-1.15) 0.73 (0.50-1.07)

Renal insufficiency 1.08 (0.85-1.37) 0.86 (0.54-1.36) 1.85 (1.19-2.87) 1.62 (1.05-2.50)

Respiratory insufficiency 1.03 (0.87-1.22) 1.01 (0.69-1.48) 1.34 (0.92-1.95) 1.42 (0.97-2.06)

Interventions during admissionb

Urinary catheter 1.78 (0.59-1.04) 1.23 (0.54-2.80) 1.34 (0.54-3.33) 1.62 (0.66-3.98)

Central venous catheter 0.67 (0.56-0.79) 0.89 (0.53-1.50) 1.69 (0.86-3.33) 3.32 (1.92-6.41)

Surgical drain 1.07 (0.84-1.38) 1.01 (0.63-1.63) 1.10 (0.65-1.87) 1.03 (0.61-1.74)

Mechanical ventilation 0.23 (0.18-0.30) 0.89 (0.32-2.46) 2.14 (0.29-15.72) 9.83 (1.37-70.58)

Renal replacement therapy 0.53 (0.42-0.67) 1.16 (0.81-1.67) 0.77 (0.52-1.25) 1,12 (0.75-1.58)

Hydrocortisone >200mg 0.78 (0.67-0.90) 0.97 (0.70-1.39) 0.91 (0.65-1.28) 1.25 (0.90-1.75)

Abbreviations: APACHE IV Acute Physiology And Chronic Health Evaluation; CI confidence intervals; CSHR cause 
specific hazard ratio; SHR subdistribution hazard ratio; SOD selective oropharyngeal decontamination;  SDD 
Selective decontamination of the digestive tract. 
a A multivariable competing risk analysis provides two measures of association: the cause specific hazard ratio 
which estimates the direct effect of the exposure of interest (i.e., severity of disease) on the various outcomes 
(i.e., ICU discharge, ICU mortality and the development of an ICU-acquired infection), and the subdistribution 
hazard ratio, which describes the risk for the development of an ICU-acquired infection while accounting for 
the competing events. A lower cause specific hazard ratio for discharge means that there is a lower hazard for 
discharge, in other words a higher likelihood for longer ICU stays. Admission variables included in this model 
were quartiles of Acute Physiology and Chronic Health Evaluation (APACHE)-IV score, sex, age, admission type 
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(medical versus surgical), the absolute number of organs failing at admission (ranging from 0-5), the use of 
either SDD or SOD, the comorbidities; a history of immunocompromised state, cardiovascular insufficiency, 
malignancy, renal and respiratory insufficiency, and the use of urinary catheter, central venous catheter, surgical 
drain, mechanical ventilation, renal replacement therapy and the use of corticosteroids before the event (ICU-
acquired infection, mortality or discharge).
In patients with multiple ICU-acquired infections, only the first ICU-acquired infection was used.
b All interventions were included until the onset of the event.
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eTable 6. Sensitivity and subgroup analyses of incidence and population attributable mortality 
fraction of ICU-acquired infections in patients admitted with sepsis.

Admission diagnosis Number

Incidence 
of ICU- 

acquired 
infections 

Day 30-
Attributable  

mortality  
fraction (95% CI)

Day 60-
Attributable  

mortality  
fraction (95% CI)

Admissions Patients

Sepsis 1719 1504 232 (13.5%) 5.5% 
(-0.3%-11.3%)

10.9% 
(0.9%-20.9%)

Severe sepsis 1530 1353 218 (14.2%) 4.8% 
(-1.3%-10.9%)

10.1% 
(-1.0%-21.1%)

Septic shock 583 549 104 (17.8%) 4.8% 
(-5.8%-15.5%)

7.7% 
(-11.6%-27.1%)

Sepsis with probable or  
definite infection likelihood

1237 1089 178 (14.4%)
7.0% 

(0.4%-13.6%)
12.7% 

(0.3%-25.1%)

Sepsis readmissions excluded, 
only first admissions

1504 1504 199 (13.2%)
4.6% 

(-1.4%-10.8%)
9.7% 

(-1.1%-20.5%)

Sepsis, only patients with 
one admission

1333 1333 180 (13.5%)
4.4% (-1.9%-

10.7%)
9.1% 

(-1.9%-20.1%)

Abbreviation: CI: confidence intervals, ICU : Intensive Care Unit 
Note : population attributable mortality fraction results in which 95% CI cross zero are statistically not significant. 
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eTable 8. Baseline characteristics and outcome of patients with sepsis included in the whole 
genome expression analysesa.

ICU-acquired 
infection

No ICU-acquired 
infection P value

PATIENTS 59 (14.0%) 362 (86.0%)
Demographics
Age (years) 61.8 (14.2) 60.8 (14.9) .61
Male gender 38 (64.4%) 199 (55.0%) .21
White race 51 (86.4%) 320 (88.4%) .91

Chronic comorbidity
None 16 (27.1%) 106 (29.3%) .75
Charlson comorbidity index 4 [3-6] 4 [2-6] .29

ADMISSIONS 64 (13.9%) 397 (86.1%)
Medical 50 (78.1%) 294 (74.1%) .78
Surgical 14 (21.9%) 103 (25.9%)
Readmission 5 (7.8%) 35 (8.8%) .81

Severity of disease
APACHE IV score 91 [75-113] 81 [66-99] .01
SOFA score 9 [6-10] 8 [5-10] .01
Severe sepsis 63 (98.4%) 351 (88.4%) .17
Septic shock 30 (46.9%) 156 (39.3%) .27

Treatment interventions before event
Urinary catheter 62 (96.9%) 381 (96.0%) >.99
Central venous catheter 63 (98.4%) 346 (87.2%) .01
Surgical drain 10 (15.6%) 61 (15.4%) >.99
Mechanical ventilation 64 (100.0%) 376 (94.7%) .09
Renal replacement therapy 21 (32.8%) 86 (21.7%) .05
Corticosteroid use

Any hydrocortisone useb 49 (76.6%) 252 (63.5%) .05
Hydrocortisoneb > 200mg/day 40 (62.5%) 204 (51.4%) .10

SDD usec 30 (46.9%) 181 (45.6%) .90
Outcome
Length of ICU stay (days) 23 [15-33] 6 [4-10] <.001
Length of hospital stay (days) 45 [27-78] 27 [15-56] <.001
Complications

None 18 (28.1%) 321 (80.9%) <.001
Acute kidney injury 18 (28.1%) 40 (10.1%) <.001
Acute lung injury 11 (17.2%) 15 (3.8%) .001

Discharge location .001
Clinical ward 38 (59.4%) 320 (80.6%)
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ICU-acquired 
infection

No ICU-acquired 
infection P value

Deceased 25 (39.1%) 64 (16.1%)
Home 0 (0.0%) 2 (0.5%)
Other/unknown 1 (1.6%) 11 (2.8%)

Mortality
ICUd 25 (39.1%) 64 (16.1%) <.001
Hospitale 32 (54.2%) 107 (29.6%) .001
30 dayse 22 (37.3%) 91 (25.1%) .08
60 dayse 30 (50.8%) 109 (30.1%) .004
90 dayse 33 (55.9%) 119 (32.9%) .002
1 yeare,f 34 (57.6%) 159 (43.9%) .04

Abbreviations: APACHE IV: Acute Physiology And Chronic Health Evaluation; ICU: intensive care unit; SDD: 
selective decontamination of the digestive tract; SOFA: sequential organ failure score.
Values are given as numbers (%), mean (standard deviation) or median [interquartile range].

aThe Charlson comorbidity index consists of points for multiple pre-existing comorbid diseases combined 
with points for age17. An increase in Charlson comorbidity index represents more (or more severe) pre-existing 
comorbid diseases and/or increased age. APACHE IV score is calculated using pre-existing comorbidities, acute 
diagnosis and acute physiology variables18. Increases in APACHE IV score are associated with increased risk for 
mortality. SOFA scores can range from 0-20 and consist of 0-4 point scale for SOFA circulation, coagulation, liver, 
renal and respiration. An increase in SOFA score represents more severe organ failure.
b Use of hydrocortisone or its equivalent (hydrocortisone dose = 4 x prednisolone dose, 5 x methylprednisolone 
dose, 25 x dexamethasone dose).
c Patients not on SDD received selective oropharyngeal decontamination.
d ICU mortality was calculated using all ICU admissions for sepsis.
e Follow up data were calculated using the first ICU-admission for sepsis of each patient during the study period; 
readmissions were not included in this analysis
f 3 patients were lost to 1 year follow up 1.7% of patients with who developed an ICU-acquired infection and 0.6% 
of patients who did not develop and ICU-acquired infection.
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eTable 9. Ingenuity pathway analysis of the common over-expressed and under-expressed genes 
in patients who developed an ICU-acquired infection and those who did not. 

Over-expressed pathways  -log (BH) p
IL-10 Signaling 2.9

PPARα/RXRα Activation 2.9

IL-8 Signaling 2.9

Toll-like Receptor Signaling 2.2

Role of Tissue Factor in Cancer 2.2

IL-1 Signaling 2.2

Mitochondrial Dysfunction 2.1

Glioma Invasiveness Signaling 2.0

Hypoxia Signaling in the Cardiovascular System 1.7

IL-6 Signaling 1.7

Under-expressed pathways  -log (BH) p

EIF2 Signaling 20.3

Regulation of eIF4 and p70S6K Signaling 13.1

mTOR Signaling 13.1

Calcium-induced T Lymphocyte Apoptosis 9.5

iCOS-iCOSL Signaling in T Helper Cells 9.1

B Cell Development 7.0

T Cell Receptor Signaling 5.7

Purine Nucleotides De Novo Biosynthesis II 4.4

DNA Methylation and Transcriptional Repression Signaling 4.0

Antigen Presentation Pathway 4.0

Ingenuity pathway analysis of the common over-expressed and under-expressed genes in patients who did and 
those who did not develop an ICU-acquired infection revealed significant associations (Fisher’s exact Benjamini-
Hochberg (BH) p < 0.05) to distinct biological pathways.
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eTable 10. Baseline characteristics and outcome of patients admitted with a noninfectious 
condition stratified to the development of an ICU-acquired infection or nota. 

ICU-acquired 
infection

No ICU-acquired 
infection P value

PATIENTS 277 (15.2%) 1548 (84.8%)
Demographics
Age (years) 59.4 (16.6) 58.4 (17.0) .33
Male gender 182 (65.7%) 946 (61.1%) .17
White race 251 (90.6%) 1384 (89.4%) .81

Chronic comorbidity
None 88 (31.8%) 536 (34.6%) .36
Charlson comorbidity index 4 [2-5] 3 [2-5] .10

ADMISSIONS 291 (15.1%) 1630 (84.9%)
Medical 111 (38.1%) 802 (49.2%) .002
Surgical 180 (61.9%) 828 (50.8%)
Readmission 14 (4.8%) 82 (5.0%) .90

Severity of disease on admission
APACHE IV score 75 [57-92] 65 [49-87] <.001
SOFA score 7 [5-9] 6 [3-8] <.001
Organ failure 254 (87.3%) 1330 (81.6%) .13
Shock 111 (38.1%) 406 (24.9%) <.001

Treatment interventions before event
Urinary catheter 286 (98.3%) 1551 (95.2%) .02
Central venous catheter 238 (81.8%) 1152 (70.7%) <.001
Surgical drain 9 (3.1%) 34 (2.1%) .39
Mechanical ventilation 285 (97.9%) 1507 (92.5%) <.001
Renal replacement therapy 61 (21.0%) 138 (8.5%) <.001
Corticosteroid use

Any hydrocortisone useb 134 (46.0%) 516 (31.7%) <.001
Hydrocortisoneb > 200mg/day 92 (31.6%) 346 (21.2%) <.001

SDD usec 201 (69.1%) 1227 (75.3%) .03
Outcome
Length of ICU stay (days) 13 [9-22] 3 [3-7] <.001
Length of hospital stay (days) 29 [16-49] 16 [9-30] <.001
Complications

None 171 (58.8%) 1440 (88.3%) <.001
Acute kidney injury 62 (21.3%) 135 (8.3%) <.001
Acute lung injury 47 (16.2%) 23 (1.4%) <.001

Discharge location
Clinical ward 203 (69.8%) 1370 (84.0%) .001
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ICU-acquired 
infection

No ICU-acquired 
infection P value

Deceased 76 (26.1%) 184 (11.3%)
Home 2 (0.7%) 8 (0.5%)
Other/unknown 10 (3.4%) 68 (4.2%)

Mortality
ICUd 76 (26.1%) 184 (11.3%) <.001
Hospitale  100 (36.1%) 309 (20.0%) <.001
30 dayse  79 (28.5%) 303 (19.6%) .002
60 dayse 106 (38.3%) 347 (22.4%) <.001
90 dayse  111 (40.1%) 368 (23.8%) <.001
1 yeare,f  130 (46.9%) 465 (30.0%) <.001

Abbreviations: APACHE IV: Acute Physiology And Chronic Health Evaluation; ICU: intensive care unit; SDD: 
selective decontamination of the digestive tract; SOFA: sequential organ failure score.
Values are given as numbers (%), mean (standard deviation) or median [interquartile range]

aThe Charlson comorbidity index consists of points for multiple pre-existing comorbid diseases combined 
with points for age17. An increase in Charlson comorbidity index represents more (or more severe) pre-existing 
comorbid diseases and/or increased age. APACHE IV score is calculated using pre-existing comorbidities, acute 
diagnosis and acute physiology variables18. Increases in APACHE IV score are associated with increased risk for 
mortality.
SOFA scores can range from 0-20 and consist of 0-4 point scale for SOFA circulation, coagulation, liver, renal and 
respiration. An increase in SOFA score represents more severe organ failure.
b Use of hydrocortisone or its equivalent (hydrocortisone dose = 4 x prednisolone dose, 25 x dexamethasone 
dose, 5 x methylprednisolone dose).
c Patients not on SDD received SOD.
d ICU mortality was calculated using all ICU admissions for noninfectious conditions.
e Follow up data were calculated using the first ICU-admission for sepsis of each patient during the study period; 
readmissions were not included in this analysis. 
f 67 patients were lost to 1 year follow up: 5.4% of patients who developed an ICU-acquired infection and 3.6% of 
patients who did not develop an ICU-acquired infection (P=.17). 
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eTable 11. Characteristics of all ICU-acquired infections after admission for a noninfectious 
condition.

Number of admissions associated with an ICU-acquired infection 291 (15.1%)
Number of ICU-acquired infections 366
Number of admissions associated with multiple ICU-acquired infections 53 (18.2%)
Day of first ICU-acquired infection 4 [3-7]
Source of infection

Pulmonary 177 (48.4%)
Hospital-acquired pneumonia 53 (14.5%)
Ventilator-associated pneumonia 124 (33.9%)

Cardiovascular 71 (19.4%)
Bacteremia 10 (2.7%)
Catheter related bloodstream infection 61 (16.7%)

Abdominal 32 (8.7%)
Abdominal infection 28 (7.7%)
Gastrointestinal infection 4 (1.1%)

Neurological 29 (7.9%)
Brain abscess 1 (0.3%)
Primary meningitis 0 (0.0%)
Secondary meningitis 28 (7.7%)

Skin 13 (3.6%)
Urinary tract 6 (1.6%)
Othera 38 (10.4%)

Causative pathogen 420
Gram-positive bacteria 124 (33.9%)
Gram-negative bacteria 122 (33.3%)
Fungi 22 (6.0%)
Viral 2 (0.5%)
Other 10 (2.7%)
Unknown 137 (37.4%)

Abbreviations: ICU: intensive care unit.
Values are given as numbers (%), mean (standard deviation) or median [interquartile range]. 
Percentages depict the portion of ICU-acquired infections (N = 366) caused by the pathogen group indicated. 
In total 280 pathogens were assigned to 366 ICU-acquired infections; in 41 (11.2%) of all ICU-acquired infections 
more than one pathogen was assigned as causative.
a Other infections include lung abscess, sinusitis, pharyngitis, tracheobronchitis, endocarditis, mediastinitis, 
myocarditis, post-operative wound infection, bone and joint infection, oral infection, eye infection, reproductive 
tract infection. 
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eTable 12. Causative pathogens of ICU-acquired infections after admission for a noninfectious 
condition.

Gram-positive 124 (33.9%) Gram-negative 122 (33.3%)
Staphylococcus aureus 30 (8.2%) Pseudomonas aeruginosa 25 (6.8%)
Staphylococcus epidermidis (CNS) 29 (7.9%) Serratia marcescens 18 (4.9%)
Enterococcus faecium 26 (7.1%) Escherichia coli 15 (4.1%)
Enterococcus species 9 (2.2%) Haemophilus influenzae 13 (3.5%)
Enterococcus faecalis 8 (2.2%) Enterobacter cloacae 11 (3.0%)
Streptococcus pneumoniae 4 (1.1%) Klebsiella pneumoniae 8 (2.2%)
Streptococcus species 4 (1.1%) Citrobacter species 5 (1.3%)
Bacillus species 3 (0.8%) Proteus mirabilis 5 (1.3%)
Streptococcus viridans 3 (0.8%) Stenothrophomas maltophilia 4 (1.1%)
Clostridium difficile 2 (0.5%) Morganella species 4 (1.1%)
Gram-positive cocci 2 (0.5%) Gram-negative bacilli 4 (1.1%)
Streptococcus pyogenes 2 (0.5%) Klebsiella oxytoca 3 (0.8%)
Mycobacterium tuberculosis 1 (0.3%) Bacteroides species 2 (0.5%)
Streptococcus agalactiae 1 (0.3%) Enterobacter species 2 (0.5%)

Enterobacteriaceae 2 (0.5%)
Pseudomonas species 2 (0.5%)

Virus 2 (0.5%) Fungi 22 (6.0%)
Herpes simplex reactivation 1 (0.3%) Other fungi 11 (3.0%)
Other viruses 1 (0.3%) Candida albicans 4 (1.1%)

Candida glabrata 3 (0.8%)
Other 10 (2.7%) Aspergillus species 2 (0.5%)

Aspergillus fumigatus 1 (0.3%)
Unknown 137 (37.4%) Candida species 1 (0.3%)

Percentages depict the portion of ICU-acquired infections (N = 366) caused by the pathogen indicated; in 41 
(11.2%) of all ICU-acquired infections more than one pathogen was assigned as causative.
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eTable 13: Admission diagnoses of patients admitted with a noninfectious condition stratified 
according to the development of an ICU-acquired infection or not. 

ICU-acquired infection No ICU-acquired infection P value

Number 291 (15.1%) 1630 (84.9%)
Cardiovascular 125 (43.0%) 670 (41.1%) .56
Neurologic 67 (23.0%) 366 (22.5%) .82
Respiratory 21 (7.2%) 201 (12.3%) .01
Trauma 39 (13.4%) 176 (10.8%) .19
Gastrointestinal 19 (6.5%) 107 (6.6%) >.99
Transplant 15 (5.2%) 69 (4.2%) .44
Genitourinary 0 (0%) 15 (0.9%) .15
Metabolic 1 (0.3%) 12 (0.7%) .71
Hematological 2 (0.7%) 7 (0.4%) .63
Musculo-skeletal 2 (0.7%) 7 (0.4%) .63

Abbreviations: ICU: intensive care unit.
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eFigure 1. Incidence of ICU-acquired infections over time after admission for sepsis.

Abbreviation: ICU: intensive care unit.
Incidence was calculated using the number of ICU-acquired infections developed in the week of interest, divided 
by the total number of admissions at the first day of the corresponding week. 

eFigure 2. Causative micro-organisms in ICU-acquired infections after admission for sepsis.

Abbreviation: ICU: intensive care unit.
Lines represent the cumulative number of causative pathogens assigned to the ICU-acquired infectious event. 
Since multiple pathogens could be assigned to a single infectious event, the number of pathogens exceeds the 
number of ICU-acquired infections. The number of patients below represent the number of patients still on the 
ICU at that specific day.
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eFigure 3. SOFA scores up to 2 days before event (ICU-acquired infection or discharge/mortality) in 
patients admitted with sepsis stratified by development (or not) of an ICU-acquired infection.

 
Abbreviations: ICU-AI: intensive care unit acquired infection; SOFA: sequential Organ Failure Assessment, CI: 
confidence interval. The P value represents the difference over time in SOFA scores between patients that did 
and those who did not develop an ICU-acquired infection (determined by mixed-effect model). This figure only 
includes admissions of which the SOFA score was available; for this reason the total number is lower than the 
total number of included admissions.
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eFigure 4. Ingenuity pathway analysis showing the under-expressed glycolysis I pathway in 
leukocytes from patients with an ICU-acquired infection.

Diagrammatic representation of the glycolysis I 
canonical signaling pathway. Highlighted genes 
(turquoise) denote significant differentially 
expressed genes in the paired ICU admission and 
follow up (ICU acquired infection) comparison. 
GPI, glucose-6-phosphate isomerase; TPI1, 
triosephosphate isomerase 1; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; 
PGK1, phosphoglycerate kinase 1; PGAM1, 
phosphoglycerate mutase 1; ENO1, enolase 1. * 
multiple gene transcripts mapped
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eFigure 5. Incidence of ICU-acquired infections over time after admission for noninfectious 
disease. 

Abbreviation: ICU: intensive care unit.
Incidence was calculated using the number of ICU-acquired infections developed in the week of interest, divided 
by the total number of admissions at the first day of the corresponding week.

eFigure 6: Causative micro-organisms in ICU-acquired infections after admission for 
noninfectious disease.

Abbreviations: ICU: intensive care unit.
Lines represent the cumulative number of causative pathogens assigned to the ICU-acquired infectious event. 
Since multiple pathogens could be assigned to a single infectious event, the number of pathogens exceeds the 
number of ICU-acquired infections. The number of patients below represent the number of patients still on the 
ICU at that specific day.
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eFigure 7. SOFA scores up to 2 days before event (ICU-acquired infection of discharge/mortality) 
in patients admitted with a noninfectious condition stratified by development (or not) of an ICU-
acquired infection.

Abbreviations: ICU-AI: intensive care unit acquired infection; SOFA: sequential Organ Failure Assessment, CI: 
confidence interval. The P value represents the difference over time in SOFA scores between patients that did 
and those who did not develop an ICU-acquired infection (determined by mixed-effect model). This figure only 
includes admissions of which the SOFA score was available; for this reason the total number is lower than the 
total number of included admissions.
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eFigure 8. Population attributable mortality fraction of ICU-acquired infections in patients with a 
noninfectious admission diagnosis. 

Abbreviations: ICU: intensive care unit. 
A) Estimated ICU mortality calculated using the multistate model (see Methods). The red line represents the ICU 
mortality in patients developing an ICU-acquired infection; the black line the ICU mortality in the entire cohort; the 
blue line the mortality when no ICU-acquired infections occur. Dashed lines represent 95% confidence intervals.
B) Population attributable intensive care unit mortality fraction over time adjusted for quartiles of Acute 
Physiology and Chronic Health Evaluation IV score and quartiles of age. The population attributable mortality 
fraction was expressed as the percentage of ICU mortality caused by the ICU-acquired infections. The negative 
values of attributable mortality fraction in the first 7 days after ICU admission are most likely driven by the most 
severely ill patients encountering the competing event (death without ICU-acquired infection) before being able 
to develop an ICU-acquired infection15.
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CORRESPONDENCE
 
JAMA in press

To the Editor:
Dr van Vught and colleagues explored whether hypoinflammation/immune paralysis rather 
than hyperinflammation in the wake of a septic insult could predispose patients to secondary 
infection and higher mortality1. The negative findings of this study cast doubt on the clinical 
implications of the immune paralysis theory. 
Despite the fact that their primary and secondary study findings did not support the 
importance of secondary infections post-sepsis and their genetic analysis did not support 
the notion of immunoparalysis, the authors introduced unnecessary reservations regarding 
these findings when they stated that “patients with sepsis on admission developed more 
ICU [intensive care unit]-acquired infections with opportunistic pathogens like enterococci, 
Pseudomonas aeruginosa, and viruses, hinting at possible immune suppression.” A more 
plausible explanation is that, compared with non-septic patients, secondary infections in 
patients with sepsis are more likely to be due to multidrug-resistant bacteria, fungi, and 
viruses because of more frequent exposure to broad spectrum antibiotics and an overall 
higher severity of disease. 
The authors concluded that “ICU-acquired infections occurred more commonly in patients 
with sepsis with higher disease severity.” However, the actual findings based on their entire 
cohort (not in the high-disease severity subgroup only) showed that ICU-acquired infections 
did not occur more commonly in patients with sepsis (13.5%) compared with patients 
without sepsis (15.1%), and the ICU-acquired infection attributable 60-day mortality was not 
higher in patient with sepsis (10.9%) compared with that in patients without sepsis (21.1%). 
These 2 important negative findings should have should have been the basis for the authors’ 
conclusions in accordance with the prospectively stated aims of the study. A subgroup 
analysis, independent of being defined prospectively or retrospectively, should not constitute 
the main conclusion of a study according the STROBE and CONSORT guidelines2,3. Current 
and future investigators of trials evaluating immune paralysis in patients should take note of 
this study’s findings, which suggest that post-sepsis development of ICU-acquired infection 
and its attributable mortality are not reliable surrogate outcomes for 28- or 60-day mortality. 
Daniel A. Sweeney, MD 
Division of Pulmonary, Critical Care and Sleep Medicine
University of California, San Diego 

Andre C. Kalil, MD, MPH 
Division of Infectious Diseases
University of Nebraska Medical Center
Omaha
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In Reply: 

Drs Sweeney and Kalil argue that our genomic analyses do not support the existence of 
immunoparalysis. However, while the blood genomic response on ICU admission was 
not different between patients with sepsis who did and those who did not develop an 
ICU-acquired infection, the gene expression signatures of both groups showed features of 
immune suppression. In addition, at the time of the ICU-acquired infection, blood leukocytes 
showed decreased expression of genes involved in glucose metabolism, suggestive of 
immune suppression1. 
Sweeney and Kalil state that ICU-acquired infections in patients with sepsis are more 
likely to be due to multidrug-resistant bacteria, fungi, and viruses. Multidrug resistance is 
infrequent in the Netherlands: in a recent study (to which both ICUs participating in our 
investigation contributed), the proportions of patients developing ICU-acquired bacteremia 
with pathogens showing antimicrobial resistance was 0.6% or less for both gram-positive 
and gram-negative micoorganisms2.  
We respectfully disagree that we did not provide the results according to the study’s primary 
aim and that the main conclusion was based on a subgroup analysis. In the last paragraph 
of the Introduction, the primary objective was stated: “to determine the incidence, risk 
factors and attributable mortality of ICU-acquired infections in patients admitted with 
sepsis.” As an addition to this primary aim, patients admitted for non-infectious disease 
were evaluated. As discussed in the article, we purposely refrained from directly comparing 
patients admitted with sepsis with patients admitted with a non-infectious condition 
considering the large differences between the 2 groups. To name a few, patients with non-
infectious admission diagnoses were more often admitted for surgical reasons (52.5% versus 
22.9% in sepsis admissions), and thus were more likely to develop postoperative infections. 
Additionally, while approximately 70% of patients with a non-infectious admission diagnosis 
received intravenous cefotaxime during the first 4 days of their ICU stay (as part of selective 
decontamination of the digestive tract)2, all patients admitted with sepsis received systemic 
antibiotic therapy for more prolonged periods of time. This expected difference likely explains 
the fact that more ICU-acquired infections occurred in the first week after admission for non-
infectious conditions than after admission for sepsis. 
We did not evaluate ICU-acquired infections and their attributable mortality as surrogate 
outcomes for 28-day or 60-day mortality. Rather, the results suggest that secondary infections 
in patients admitted to the ICU with sepsis have a modest effect on ICU mortality in this 
population, which is important for the design and sample size of trials seeking to prevent ICU-
acquired infections with mortality as an endpoint. We agree that the study showed that ICU-
acquired infections did not occur more often in patients admitted with sepsis than in patients 
admitted with a non-infectious condition, and that the attributable mortality of ICU-acquired 
infections was higher in the latter group. As such, the findings suggest that immunoparalysis 
is not an exclusive feature of sepsis and/or that the invasive supportive treatments provided 
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to critically ill patients, particularly intravascular catheters and mechanical ventilation, pose 
a greater risk for developing ICU-acquired infections than immune suppression.  

Lonneke A. van Vught, MD 
Center for Experimental and Molecular Medicine
Academic Medical Center
Amsterdam, the Netherlands 

Peter MC Klein Klouwenberg, MD, PharmD, PhD 
Department of Medical Microbiology
University Medical Center Utrecht
Utrecht, the Netherlands

Tom van der Poll, MD, PhD
Center for Experimental and Molecular Medicine
Academic Medical Center
Amsterdam, the Netherlands 
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Abstract
Rationale: Sepsis can be complicated by secondary infections. We hypothesized that sepsis 
patients developing a secondary infection while in the Intensive Care Unit (ICU) display 
sustained inflammatory, vascular and procoagulant responses. 
Objective: To compare systemic proinflammatory host responses in patients with sepsis 
who acquire a new infection with those who do not.
Methods: Consecutive sepsis patients with a length of ICU stay >48 hours were prospectively 
analyzed for the development of ICU-acquired infections. 20 host response biomarkers 
reflective of key pathways implicated in sepsis pathogenesis were measured during the first 
four days after ICU admission and at the day of an ICU-acquired infection or noninfectious 
complication.  
Main results:  Of 1237 admissions for sepsis (1089 patients), 178 (14.4%) admissions were 
complicated by ICU-acquired infections (at day 10 [6-13], median with interquartile ranges). 
Patients who developed a secondary infection showed higher disease severity scores and 
higher mortality up to 1 year than those who did not. Analyses of biomarkers in patients who 
later went on to develop secondary infections revealed a more dysregulated host response 
during the first four days after admission, as reflected by enhanced inflammation, stronger 
endothelial cell activation, a more disturbed vascular integrity and evidence for enhanced 
coagulation activation. Host response reactions were similar at the time of ICU-acquired 
infectious or noninfectious complications.
Conclusion: Sepsis patients who developed an ICU-acquired infection showed a more 
dysregulated proinflammatory, vascular and procoagulant host response during the first 
four days of ICU admission than those who did not develop a secondary infection. 
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Introduction 
Sepsis is characterized by an injurious host response to an infection, and a leading cause 
of hospitalization, morbidity and mortality1,2. Most research seeking to obtain insight into 
mechanisms contributing to sepsis mortality focused on early lethality, presumably caused 
by an overzealous activation of the innate immune system in response to acute infection3,4. 
However, the majority of deaths in sepsis occurs more than one week after admission to the 
intensive care unit (ICU)5-8. This relatively late sepsis mortality has received much attention 
in recent years, and it has been suggested that immune suppression and - as consequence 
thereof - ICU-acquired infections are key causative denominators herein3,6,9-11. Indeed, a 
variety of immune defects have been documented in ICU patients with sepsis, most notably 
impaired responsiveness of immune cells to bacterial antigens and a profound loss of T and 
B cells due to apoptotic cell death3,10,11.
We recently reported on the incidence, risk factors and attributable mortality of ICU-acquired 
infections in patients admitted to the ICU with sepsis12. In a prospectively enrolled cohort 
consisting of 1719 consecutive sepsis admissions ICU-acquired infections occurred in 13.5% 
of cases, bearing a population attributable mortality fraction of 10.9% by day 6012. While earlier 
studies on susceptibility to ICU-acquired infections focused on immune suppression3,4,9-11,13, 
we here hypothesized that the more dysregulated host response in sepsis patients who 
acquire an infection while in the ICU is also reflected by a systemic hyperinflammatory 
reaction that is not captured by the assays used to delineate immune suppression. As such, 
the primary objective of this study was to compare systemic proinflammatory host responses 
in patients with sepsis who during their ICU stay acquire a new infection with those who 
do not. For this we performed a substudy in the previously described cohort12, and report 
the levels of 20 host response biomarkers reflective of key pathways implicated in sepsis 
pathogenesis, measured during the first four days after ICU admission and at onset of ICU-
acquired infection.

Methods 

Study design and population
This was a substudy of a previously reported cohort used to determine the incidence and 
attributable mortality of ICU-acquired infections in critically ill sepsis patients12. The study 
was conducted as part of the “Molecular Diagnosis and Risk Stratification of Sepsis” (MARS) 
project, a prospective observational cohort study in the mixed ICUs of two tertiary teaching 
hospitals in the Netherlands12,14,15. Consecutive patients above 18 years of age admitted 
to the two ICUs were included via an opt-out method approved by the medical ethical 
committees of the participating hospitals, the Academic Medical Center in Amsterdam 
and the University Medical Center in Utrecht. Both ICUs used protocolized care, including 
selective decontamination of the digestive tract as described12,16. 
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For every admitted patient the plausibility of an infection was assessed daily using a four 
point scale (ascending from none, possible, probable to definite)14. Sepsis was defined as 
the presence of infection diagnosed within 24 hours after ICU admission with a probable or 
definite likelihood, accompanied by at least one additional parameter as described in the 
2001 International Sepsis Definitions Conference17. ICU-acquired infection was defined as 
any new-onset infection (with likelihood possible, probable or definite) starting >48 hours 
after ICU admittance for which the clinical team started a new antibiotic regimen. Organ 
failures, shock and comorbidities were defined as described in the Supplement; acute kidney 
injury (AKI) and acute respiratory distress syndrome (ARDS)18,19 were deemed ICU-acquired 
when starting >48 hours after ICU admittance.
For the current study consecutive sepsis patients admitted to the ICU from January 2011 
until July 2013 with a length of ICU stay >48 hours were analyzed. Patients with an infection 
diagnosed ≥24 hours but ≤ 48h hours after ICU admission were excluded for their infection 
could not with certainty be deemed the reason for admission nor ICU-acquired. Readmissions, 
defined as any second admission within the 2.5 year study period, were analyzed as new 
unique admissions. For patients who were readmitted to the ICU demographic and long-
term follow up data (≥30 days) are shown for the first ICU admission only. 

Sampling and assays
Daily (on admission and at 6 AM thereafter) EDTA anti-coagulated left-over plasma harvested 
from blood obtained for regular patient care was stored within 4 hours after blood draw at 
-80oC. For assays see the Supplement.

Statistical analysis
Biomarker distribution over time was analyzed using a general mixed model analysis in 
which a linear model was fitted using the different data time points, i.e., admission, day 2 
and day 4. Different mixed models were fitted taking time as a random effect, a fixed effect 
and as an interaction. The model with the lowest Akaike information criterion was regarded 
the best fit. For more details see the Supplement.  

Results

Patients  
We studied 1237 admissions for sepsis with a length of ICU stay > 48 hours (1089 patients)
(Figure 1). Of these, 178 admissions (14.4%), concerning 156 patients, were complicated by 
one or more ICU-acquired infections, involving a total of 262 ICU-acquired infections. Patients 
developing an ICU-acquired infection were more often admitted for primary bacteremia and 
less often for neurological and soft tissue infection (Table 1). Sepsis patients who developed 
a secondary infection while in the ICU were more severely ill on admission than those who 
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did not, as reflected by higher APACHE IV and SOFA scores, and a higher proportion of shock 
(Table 1). 

Figure 1. Flowchart of patient inclusion. 


 












































Abbreviations: ICU: intensive care unit.
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Table 1. Baseline characteristics and outcome of patients admitted with sepsis stratified 
according to development of ICU-acquired infection or not.

ICU-acquired in-
fection

No ICU-acquired 
infection

Patients 156 933 P value
Demographics
Age, mean (SD) 60 (13.9) 60 (14.9) 0.96
Gender male (%) 100 (64.1%) 542 (58.1%) 0.17
Chronic comorbidity 

Any comorbidity 118 (75.6%) 682 (73.1%) 0.53
Charlson comorbidity index, median [IQR] 4 [3-6] 4 [2-6] 0.93

Admissions 178 1059
Source of infection (%)

Pulmonary tract 73 (41.0%) 431 (40.7%) >0.99
Abdomen 40 (22.5%) 206 (19.5%) 0.34
Blood stream infection 11 (6.2%) 24 (2.3%) 0.01
Catheter related blood stream infection 4 (2.2%) 18 (1.7%) 0.76
Neurological 3 (1.7%) 61 (5.8%) 0.02
Urinary tract 9 (5.1%) 72 (6.8%) 0.41
Soft tissue infection 2 (1.1%) 51 (4.8%) 0.02
Othera 36 (20.2%) 196 (18.5%) 0.60

Admission type (%)
Medical 138 (77.5%) 801 (75.6%) 0.65
Readmission 22 (12.4%) 126 (11.9%) 0.91

Severity of disease
APACHE IV Score, mean (SD) 92 (27.5) 82 (27.9) <0.0001
SOFA score, median [IQR] 8 [6-11] 7 [5-9] <0.0001
Shock (%) 82 (46.1%) 371 (35.0%) <0.01

Outcome
Length of ICU stay, median days [IQR] 24 [15-34] 6 [4-10] <0.0001
Length of hospital stay, median days [IQR] 37 [22-66] 20 [10-39] <0.0001
Mortality (%)

ICUb 69 (38.8%) 174 (16.4%) 0.001
Hospitalc 81 (51.9%) 267 (28.6%) <0.0001
30 daysc 49 (31.4%) 237 (25.4%) 0.13
60 daysc 73 (46.8%) 281 (30.1%) <0.0001
90 daysc 82 (52.6%) 308 (33.0%) <0.0001
1 yearc,d 91 (58.3%) 406 (43.4%) <0.0001

APACHE IV: Acute Physiology And Chronic Health Evaluation; SOFA: sequential organ failure assessment. 
Values are given as numbers (%), mean (standard deviation) or median [interquartile range]
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a Other infections include lung abscess, sinusitis, pharyngitis, tracheobronchitis, endocarditis, mediastinitis, 
myocarditis, post-operative wound infection, bone and joint infection, oral infection, eye infection and viral 
infections. 
b ICU mortality was calculated using all ICU admissions for sepsis.
c Follow up data were calculated using the first ICU-admission for sepsis for each patient during the study period; 
readmissions were not included in this analysis.  
d 26 patients were lost to 1 year follow up (3.8% in patients with sepsis developing an ICU-acquired infection and 
2.1% in patients with sepsis with no ICU-acquired infection, p=0.25). 

ICU-acquired infections and outcome
The first ICU-acquired infections occurred at a median of day 10 [interquartile range (IQR) 
6-13]. The most common ICU-acquired infections were catheter related bloodstream 
infections (n = 73, 27.9%), pneumonia (n= 64, 24.4%) and abdominal infection (n = 42, 16.0%) 
(Table 2). The most common causative pathogens were gram-positive bacteria (n = 118, 
45.0%), followed by gram-negative bacteria (n = 74, 28.2%), fungi (n = 24, 9.2%) and viruses (n 
= 27, 10.3%) (Table 2). 

Table 2. Characteristics of ICU-acquired infections.

Number and timing of infections (%)
Number of admissions associated with an ICU-acquired infection 178 (14.4%)
Number of ICU-acquired infections 262
Number of admissions associated with multiple ICU-acquired infections 61 (34.3%)
Day of first ICU-acquired infection , median [IQR] 10 [6-13]
Source of infection (%)

Pulmonary 64 (24.4%)
Hospital-acquired pneumonia 18 (6.9%)
Ventilator-associated pneumonia 46 (17.6%)

Cardiovascular 85 (32.4%)
Bacteremia 12 (4.6%)
Catheter-related bloodstream infection 73 (27.9%)

Abdomen 42 (16.0%)
Abdominal infection 41 (15.6%)
Gastrointestinal infection 1 (0.4%)

Neurological 3 (1.1%)
Primary meningitis 1 (0.4%)
Secondary meningitis 2 (0.8%)

Soft tissue infection 11 (4.2%)
Urinary tract 3 (1.1%)
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Othera 54 (20.6%)
Causative pathogen

Gram-positive bacteria 118 (45.0%)b

Gram-negative bacteria 74 (28.2%)
Fungi 24 (9.2%)
Viral (including reactivation) 27 (10.3%)
Other 8 (3.1%)
Unknown 64 (24.4%)

Values are given as numbers (%) or median [interquartile range]
a Other infections include lung abscess, sinusitis, pharyngitis, tracheobronchitis, endocarditis, mediastinitis, 
myocarditis, post-operative wound infection, bone and joint infection, oral infection, eye infection and viral 
infections 
b Percentages depict the portion of ICU-acquired infections (total N = 262) caused by the pathogen group 
indicated. In total 251 pathogens were assigned to 262 ICU-acquired infections; in 51 (19.5%) of all ICU-acquired 
infections more than one pathogen was assigned as causative.

The median ICU length of stay was longer in patients who acquired a secondary infection 
than in those who did not (24 [15-24] vs 6 [4-10] days, respectively; P < 0.001)(Table 1). ICU 
mortality was higher in patients developing a secondary infection than in patients who did 
not (38.8% versus 16.4%, P < 0.001); the mortality difference between groups remained until 
1 year after ICU admission (Table 1). 
 

Host response biomarkers in patients with sepsis who did and those who did not develop 
and ICU-acquired infection
In a subset of patients (n = 1010, 81.6%) biomarkers indicative of the host response during 
sepsis were measured. Sepsis patients displayed a profound systemic inflammatory reaction 
(elevated plasma levels of interleukin (IL)-6, IL-8, IL-10 and matrix metalloproteinase (MMP)-8, 
Figure 2), activation of the vascular endothelium (elevated plasma concentrations of soluble 
E-selectin, soluble intercellular adhesion molecule (ICAM)-1, fractalkine), increased loss of 
vascular integrity (increased levels of angiopoietin-2 and reduced levels of angiopoietin-1, 
Figure 3) and a net procoagulant state (elevated plasma levels of D-dimer, reduced levels of the 
anticoagulants antithrombin and protein C, and prolonged activated partial thromboplastin 
time (aPTT) and prothrombin time (PT), Figure 4). Most of these characteristic sepsis responses 
were exaggerated in patients who developed an ICU-acquired infection relative to those who 
did not, significantly so for IL-6, IL-8, IL-10, MMP-8, soluble ICAM-1, fractalkine, angiopoietin-2, 
the angiopoietin 2:1 ratio, PT, and aPTT (all P<0.01). Platelet counts were significantly lower 
in patients who developed an ICU-acquired infection (P<0.001 versus those who did not). 
Plasma levels of tumor necrosis factor-α, IL-1β, IL-13, granulocyte-macrophage colony-
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stimulating factor and interferon-γ were undetectable in most patients and not different 
between groups (data not shown). 

Figure 2. Inflammatory responses in sepsis patients during the first 4 days of ICU admission 
stratified according to the development of an ICU-acquired infection or not.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5 IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. Overall P values depicted in the figure represent differences between groups 
determined by mixed model analysis. Differences between groups at specific days are indicated as * P ≤ 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001.
Abbreviations: IL: interleukin; MMP: Matrix metalloproteinase
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Figure 3. Biomarkers reflecting endothelial cell activation in sepsis patients during the first 4 days 
of ICU admission stratified according to the development of an ICU-acquired infection or not.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. Overall P values depicted in the figure represent differences between groups 
determined by mixed model analysis. Differences between groups at specific days are indicated as * P ≤ 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001. 
Abbreviations: ANG: Angiopoietin; ICAM; intercellular adhesion molecule.

Considering that patients who went on to acquire a secondary infection while on the ICU had 
higher baseline APACHE IV and SOFA scores than those who did not, and considering that 
the levels of host response biomarkers in sepsis often are proportional to disease severity20, 
we matched patients who did and those who did not develop an ICU-acquired infection for 
disease severity on ICU admission. 133 admissions complicated by ICU-acquired infection 
were matched to 322 admissions without ICU-acquired infection with comparable disease 
severity and source of infection on ICU admission (eTable 1 in the Supplement). In this 
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matched cohort many sepsis host response biomarkers remained more aberrant in patients 
who developed an ICU-acquired infection (eTable 2 in the Supplement), significantly so for 
IL-6, IL-8, IL-10, MMP-8, fractalkine and angiopoetin-2.

Figure 4. Biomarkers reflecting coagulation activation in sepsis patients during the first 4 days of 
ICU admission stratified according to the development of an ICU-acquired infection or not.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. Overall P values depicted in the figure represent differences between groups 
determined by mixed model analysis. Differences between groups at specific days are indicated as * P ≤ 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001.
Abbreviations: aPTT: activated partial thromboplastin time; PT: prothrombin time.
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Host response biomarkers at the time of ICU-acquired infection 
To obtain insight into the host response at the time of ICU-acquired infection, we first 
compared biomarkers measured in samples obtained within 24 hours after the diagnosis of 
an ICU-acquired infection (N = 104) or a non-infectious ICU-acquired complication, i.e., AKI (N 
= 71) or ARDS (N = 34)(Table 3). Most host response parameters were not different between 
groups (Figure 5). Modest differences were detected in soluble E-selectin (lower in patients 
with an ICU-acquired infection relative to those with AKI) and angiopoietin-1 levels (lower in 
patients with ICU-acquired infection and AKI relative to ARDS).

Table 3. Baseline characteristics and outcome of patients developing ICU-acquired infection, 
acute kidney injury and acute lung injury.

ICU- 
acquired 
infection

Acute  
kidney  
injury

Acute  
respiratory 

distress 
syndrome

Patients 102 70 34 P value
Demographics
Age, mean (SD) 59.5 (14.0) 62.6 (13.3) 59.6 (14.1) 0.30
Gender male (%) 63 (61.8%) 44 (62.9%) 23 (67.6%) 0.85
Chronic comorbidity

Any comorbidity 82 (80.4%) 55 (78.6%) 27 (79.4%) 0.98

Charlson comorbidity index, 
median [IQR] 4 [3-5] 4 [3-6] 5 [3-7] 0.19

Admissions 104 71 34
Time of event, median days [IQR] 10 [7-15] 4 [2-7] 3 [2-4] <0.0001
Severity of disease during event

SOFA score, median [IQR] 7 [5-10] 7 [5-9] 7 [5-9] 0.45
Shock, (%) 26 (25.0%) 25 (35.2%) 8 (23.5%) 0.28

Outcome
Length of ICU stay, median days [IQR] 24 [14-33] 11 [7-19] 11 [6-16] <0.0001
Length of hospital stay, 
median days [IQR] 35 [21-64] 20 [11-50] 22 [12-41] <0.001

Mortality (%)
ICUa 43 (41.3%) 23 (32.4%) 8 (23.5%) 0.15
Hospitalb 58 (56.9%) 36 (51.4%) 12 (35.3%) 0.08
30 daysb 35 (34.3%) 29 (41.4%) 10 (29.4%) 0.48
60 daysb 51 (50.0%) 33 (47.1%) 12 (35.3%) 0.36
90 daysb 59 (57.8%) 36 (51.4%) 12 (35.3%) 0.05
1 yearb,c 66 (64.7%) 42 (60.0%) 16 (47.1%) 0.13

Values are given as numbers (%), mean (standard deviation) or median [interquartile range]
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a ICU mortality was calculated using all ICU admissions for sepsis.
b Follow up data were calculated using the first ICU-admission for sepsis for each patient during the study period; 
readmissions were not included in this analysis.  
c 5 patients were lost to 1 year follow up (3.9% in patients with sepsis developing an ICU-acquired infection and 
2.9% in patients with sepsis developing an ICU-acquired acute respiratory distress syndrome) 

Figure 5. Biomarker distribution in sepsis patients <24 hours after developing an infectious or 
noninfectious ICU-acquired complication (AKI/ARDS).

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. Overall P values depicted in the figure represent differences between groups 
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determined by Kruskal-Wallis test, specific P values are calculated using a Dunn’s test of multiple comparisons 
using rank sums. * P ≤ 0.05, ** P ≤ 0.01.
Abbreviations: AKI: acute lung injury; ANG: angiopoietin; aPTT: activated partial thromboplastin time; ARDS: 
acute respiratory distress syndrome; CRP: C-reactive protein; IL: interleukin; ICAM: intercellular adhesion 
molecule; MMP: Matrix metalloproteinase; PT: prothrombin time.

In a final analysis, biomarker distribution at the last standardized sampling moment, i.e., day 
4, was compared to biomarker distribution at the time of ICU-acquired infection in all patients 
from whom paired samples were available (N = 84), revealing no differences with the exception 
of platelet counts, which were higher at the time of ICU-acquired infections (Table 4). 

Table 4. Host response biomarkers at day 4 after admission and at the time of an ICU-acquired 
infection. 

Day 4 (N = 84) Time of ICU-acquired 
infection (N = 84) P value

Inflammation
IL-6 (pg/mL) 68.92 [24.45-194.38] 57.72 [23.3-133.07] 0.44
IL-8 (pg/mL) 132.28 [54.99-246.13] 93.71 [41.73-224.73] 0.18
IL-10 (pg/mL) 10.67 [4.56-26.02] 7.00 [2.89-16.05] 0.07
MMP-8 (ng/mL) 2.39 [1.04-5.79] 2.17 [0.82-4.72] 0.31
Endothelial cell activation
sE-Selectin (ng/mL) 6.29 [3.82-12.95] 5.58 [2.91-12.71] 0.23
sICAM-1 (ng/mL) 238.05 [168.21-359.23] 241.76 [140.37-344.83] 0.60
Fractalkine (pg/mL) 55.07 [25.98-151.59] 38.50 [20.92-80.33] 0.11
Angiopoietin-1 (ng/mL) (ng/mL) 1.18 [0.57-3.11] 1.18 [0.51-4.48] 0.77
Angiopoietin-2 (ng/mL) (ng/mL) 9.14 [5.54-16.19] 6.85 [4.3-13.73] 0.11
ANG-2:ANG-1 8.15 [2.56-28.06] 8.27 [1.66-21.85 0.43
Coagulation activation
D-dimer (µg/mL) 12.47 [7.11-21.09] 12.09 [5.58-23.2] 0.64
PT (sec) 14.80 [12.3-16.1] 14.60 [12.55-16] 0.93
APTT (sec) 41 [31-47] 38 [30-53] 0.96
Protein C (ng/mL) 138.11 [90.38-185.55] 148.67 [111.57-187.56] 0.30
Antithrombin (ng/mL) (ng/mL) 883.85 [513.08-1358.3] 949.65 [558.14-1415.43] 0.40
Platelets (109/L) 111 [49.5-243.5] 168 [93-323] 0.02

Abbreviations: ANG: angiopoietin; aPTT: activated partial thromboplastin time; IL: interleukin; ICAM: intercellular 
adhesion molecule; MMP: Matrix metalloproteinase; PT: prothrombin time.
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Discussion
Sepsis is associated with prolonged immune suppression and it has been suggested that 
immune suppression renders sepsis patients susceptible to secondary infections3,6,9-11,13,21. 
We here hypothesized that sepsis patients who, during their ICU stay acquire a 
secondary infection, besides immune suppressive features, also display more profound 
“hyperinflammatory” responses when compared with those who do not develop a secondary 
infection. To address this hypothesis we measured 20 host response biomarkers reflective 
of typical proinflammatory sepsis responses, including cytokine release and activation of 
the vascular endothelium and the coagulation system, in a large cohort of sepsis patients 
during the first four days after ICU admission and at the time of an ICU-acquired complication 
(infectious or non-infectious). Our main findings are: (1) sepsis patients who went on to 
develop an ICU-acquired infection demonstrated enhanced cytokine and MMP8 release 
and stronger endothelial cell and coagulation activation than those who did not develop 
a secondary infection; (2) hyperinflammation was sustained up to the day of occurrence of 
the secondary infection; and (3) the hyperinflammatory host response detected at the time 
of an ICU-acquired infection was not different from that measured in patients with a non-
infectious ICU-acquired complication (i.e., AKI or ARDS). 
Our current data do not contradict previous investigations reporting immune suppression 
in patients with sepsis3,6,9-11,13,21-26. These studies focused on mononuclear cells, particularly 
their responsiveness to bacterial products, antigen presentation capacity and features of 
apoptosis, and in some an association was demonstrated between the extent of immune 
suppression in patients with sepsis and the subsequent development of a secondary 
infection22-26. Our measurements reveal proinflammatory responses generated at least in 
part by host mediator systems not captured in the studies on immune suppression cited 
above3,6,9-11,13,21-26, especially with regard to activation of the endothelium and the coagulation 
system. In line with our finding, one earlier study, performed in 98 patients with septic shock, 
showed elevated plasma midregional-proadrenomedulin levels in those who developed a 
secondary infection27. We argue that sepsis patients who develop secondary infections while 
in the ICU demonstrate concurrent immune suppression and hyperinflammation, and both to 
a larger extent than sepsis patients who do not develop an ICU-acquired infection. This overall 
more disturbed host response is in accordance with our previous finding that sepsis patients 
who develop a secondary infection are more severely ill than those who do not12, which 
we confirmed in the present subgroup analysis. Likewise, earlier studies in trauma patients 
have reported a strong association between injury severity and an increased susceptibility 
to nosocomial infection28-30. Of note, however, the relative hyperinflammation detected in 
sepsis patients who went on to develop a secondary infection partially remained detectable 
after correction for disease severity. In accordance, in a recent investigation in patients with 
trauma matched for injury characteristics and severity, multiple proinflammatory mediators 
were elevated within the first 24 hours post-trauma in patients who subsequently developed 
a nosocomial infection30. 
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Whole genome expression profiles of blood leukocytes harvested from both sepsis12 and 
trauma patients31 showed sustained and concurrent activation of multiple proinflammatory, 
anti-inflammatory and immune suppressive pathways. In the trauma literature these findings 
have led to the concept of the so-called persistent inflammation, immunosuppression and 
catabolism syndrome (PICS)32. The present results indicate that sepsis can also lead to 
PICS, further suggesting that the host response to sepsis and severe non-infectious injury 
is not fundamentally different33. As such, we argue that patients who remain critically ill 
for prolonged periods of time enter a state of sustained hyperinflammation and immune 
suppression irrespective of the inciting event (sepsis or non-infectious injury), which together 
with invasive procedures and devices such as mechanical ventilation and intravenous 
catheters12,34, render patients more susceptible to ICU-acquired complications.
Biomarker analyses at the time of an ICU-acquired infection versus a non-infectious ICU-
acquired complication (AKI or ARDS) showed comparable host response reactions. In paired 
analyses no differences were found between day 4 and the day of the ICU-acquired infection 
(Table 4) or AKI/ARDS (data not shown). These results indicate that the dysregulation of key 
host mediator systems as measured here is sustained and not different in patients with either 
one of these major ICU-acquired complications. 
Our study has strengths and limitations. We provide information on a large, well-defined, 
prospectively collected cohort with extensive information on ICU-acquired complications. 
While we measured 20 host response biomarkers reflecting activation of key pathways 
implicated in sepsis pathogenesis, we did not perform functional and/or flow cytometry 
measurements that would have provided information on the extent of immune suppression. 
Hence, we cannot examine potential correlations between hyperinflammatory, procoagulant 
and immune suppressive responses in individual patients

Conclusion
Sepsis patients developing secondary infections during ICU stay showed a more dysregulated 
proinflammatory, vascular and procoagulant host response in the first four days of ICU 
admission than sepsis patients who did not develop an ICU-acquired infection.
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Supplementary data

Supplementary Content

eMethods  containing information on comorbidities, sampling and assays, statistical 
analysis and matching.

eTable 1.  Baseline characteristics of patients admitted with sepsis who did and those who 
did not develop an ICU-acquired infection matched for disease severity on ICU 
admission.

eTable 2.  Plasma biomarkers in patients admitted with sepsis who did and those who 
did not develop an ICU-acquired infection matched for disease severity on ICU 
admission. 
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Methods

Comorbidities
Cardiovascular insufficiency was defined as a medical history of congestive heart failure, 
chronic cardiovascular disease, peripheral vascular disease or cerebrovascular disease. 
Malignancy was defined as a medical history of either non-metastatic solid tumor, metastatic 
malignancy or hematologic malignancy. Patients with a history of chronic renal insufficiency 
or with chronic intermitted hemodialysis or continuous ambulatory peritoneal dialysis were 
marked as renal insufficient. Respiratory insufficiency was defined as a medical history of 
chronic obstructive pulmonary disease or respiratory insufficiency.
Organ failures were defined as a score of ≥3 on the Sequential Organ Failure Assessment 
(SOFA) score, except for cardiovascular failure for which a score of ≥1 was used1. The SOFA 
score for the central nervous system subgroup was not included. Shock was defined by the 
use of noradrenaline for hypotension in a dose of >0.1mcg/kg/min during at least 50% of the 
ICU day.

Sampling and assays
Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, granulocyte-
macrophage colony-stimulating factor, interferon-γ, soluble E-selectin, soluble intercellular 
adhesion molecule (ICAM)-1 and fractalkine were measured by FlexSet cytometric bead array 
(BD Biosciences, San Jose, CA) using FACS Calibur (Becton Dickenson, Franklin Lakes, NJ). 
Matrix metalloproteinase (MMP)-8, angiopoietin-1, angiopoietin-2, protein C, antithrombin 
(all R&D systems, Abingdon, UK) and D-dimer (Procartaplex, eBioscience, San Diego, CA) 
were measured by Luminex multiplex assay using BioPlex 200 (BioRad, Hercules, CA). Platelet 
counts were determined by hemocytometry, prothrombin time (PT) and activated partial 
thromboplastin time (aPTT) by using a photometric method with Dade Innovin Reagent or 
by Dade Actin FS Activated PTT Reagent, respectively (both Siemens Healthcare Diagnostics). 
Normal values were obtained in plasma from 27 age- and gender-matched healthy volunteers, 
included after written informed consent, with the exception of CRP, platelets, PT and aPTT for 
which routine laboratory reference values were used.

Statistical analysis
Biomarker distribution over time was analyzed using a general mixed model analysis in 
which a linear model was fitted using the different data time points, i.e., admission, day 2 and 
day 4. Different mixed models were fitted taking time as a random effect, a fixed effect and 
as an interaction. The model with the lowest Akaike information criterion (AIC) was regarded 
the best fit. 
A comparative analysis was done including biomarker distribution in patients with ICU-
acquired infections versus patients without ICU-acquired infection developing noninfectious 
ICU-acquired complications (acute kidney injury (AKI) and acute respiratory distress syndrome 



THE HOST RESPONSE IN SEPSIS PATIENTS DEVELOPING INTENSIVE  
CARE UNIT-ACQUIRED SECONDARY INFECTIONS

109

Ch
ap

te
r 3

(ARDS)). Samples drawn <24 hours after the development of an ICU-acquired infection 
were compared to samples drawn <24 hours after the development of a noninfectious ICU-
acquired complication. 
Lastly, in a paired analysis within individuals, biomarker distribution at day 4 was compared 
to the biomarker distribution around the ICU-acquired event. Only those patients with both a 
day 4 and an ICU-acquired event sample were included. Two groups of patients were included 
in the paired analysis; those developing an ICU-acquired infection and those patients without 
an ICU-acquired infection, developing a noninfectious ICU-acquired complication (AKI or 
ARDS).
All results are presented as numbers (percentages) for categorical variables, median and 
interquartile ranges (IQR, 25th and 75th percentiles) for nonparametric quantitative variables 
and mean ± standard deviation (SD) for parametric quantitative variables. The Kolmogorov-
Smirnov test was used and histograms were examined to assess data distribution. Continuous 
nonparametric data were analyzed using a Mann-Whitney U test or a Kruskal-Wallis test, 
categorical data were analyzed using a chi square or Fisher exact test, as appropriate. All 
continuous parametric data were analyzed using a student’s t-test or analysis of variance 
when appropriate. Post hoc testing of non-parametric data was performed using a Dunn's 
test of multiple comparisons using rank. All data were analyzed using R studio build under R 
version 3.2.3 (R Core Team 2013, Vienna, Austria)2. A p value < 0.05 was considered statistically 
significant.

Matching
Considering that the release of host response biomarkers in sepsis often is proportional 
to disease severity3, we matched patients who did and those who did not develop an ICU-
acquired infection in whom biomarkers were measured 1:3 for APACHE-IV score, SOFA score, 
source of infection and shock (all on ICU-admission) using the R library MatchIt (version 3.2.3).
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eTable 1. Baseline characteristics of patients admitted with sepsis who did and those who did not 
develop an ICU-acquired infection matched for disease severity on ICU admission.

ICU-acquired 
infection

No ICU-acquired 
infection

Patients 123 301 P value
Demographics
Age, mean (SD) 60.9 (14.0) 61.1 (14.0) 0.93
Gender male (%) 74 (60.2%) 166 (55.1%) 0.38
Chronic comorbidity

Any comorbidity 90 (73.2%) 237 (78.7%) 0.25
Charlson comorbidity index, median [IQR] 4 [3-6] 4 [3-6] 0.21

Admissions 133 322
Source of infection (%)

Pulmonary tract 56 (42.1%) 145 (45.0%) 0.61
Abdomen 33 (24.8%) 77 (23.9%) 0.90
Cardiovascular 5 (4.0%) 13 (4.0%) >.99
Neurological 3 (2.3%) 9 (2.8%) 0.78
Urinary tract 7 (5.3%) 20 (6.2%) 0.83
Skin sepsis 2 (1.5%) 5 (1.6%) >.99
Othera 27 (20.3%) 53 (16.5%) 0.33

Admission type (%)
Medical 102 (76.7%) 246 (76.4%) >.99
Readmission 17 (12.8%) 43 (13.4%) 0.88

Severity of disease
APACHE IV Score, mean (SD) 89 (26.7) 85 (26.0) 0.10
SOFA score, median [IQR] 8 [6-10] 8 [6-10] 0.33
Shock (%) 55 (41.4%) 128 (39.8%) 0.76

APACHE IV: Acute Physiology And Chronic Health Evaluation; SOFA: sequential organ failure assessment. 
Values are given as numbers (%), mean (standard deviation) or median [interquartile range].
a Other infections include lung abscess, sinusitis, pharyngitis, tracheobronchitis, endocarditis, mediastinitis, 
myocarditis, post-operative wound infection, bone and joint infection, oral infection, eye infection and viral 
infections.
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Abstract
Critically ill show signs of immune suppression, which is considered to increase vulnerability 
to nosocomial infections. Whole-blood stimulation is frequently used to test the function 
of the innate immune system. We here assessed the association between whole-blood 
leukocyte responsiveness to lipopolysaccharide (LPS) and subsequent occurrence of 
nosocomial infections in critically ill admitted to the Intensive Care Unit (ICU). 
All consecutive critically ill admitted to the ICU between April 2012 and June 2013 with two 
or more systemic inflammatory response syndrome criteria and an expected length of ICU 
stay of more than 24 hours were enrolled. Age- and sex-matched healthy individuals were 
included as controls. Blood was drawn the first morning after ICU admission and stimulated 
ex vivo with 100ng/mL ultrapure LPS for 3 hours. Tumor necrosis factor (TNF)-α , interleukin 
(IL)-1β and IL-6 were measured in supernatants. 
Seventy-three critically ill were included, of whom 10 developed an ICU-acquired infection. 
Compared to healthy subjects, whole-blood leukocytes of patients were less responsive to 
ex vivo stimulation with LPS, as reflected by strongly reduced TNF-α, IL-1β and IL -6 levels in 
culture supernatants. Results were not different between patients who did and those who 
did not develop an ICU-acquired infection.
The extent of reduced LPS responsiveness of blood leukocytes in critically ill the first day after 
ICU admission does not relate to the subsequent development of ICU-acquired infections. 
These results argue against the use of whole blood stimulation as a functional test applied 
early after ICU admission to predict nosocomial infection. 
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Introduction
Nosocomial infection is a common complication in critically ill patients and strongly 
associated with prolonged stay on the Intensive Care Unit (ICU) and increased morbidity 
and mortality1. Critical illness results in a disturbed homeostasis leading to features of both 
hyperinflammation and immune suppression2. Although originally immune suppression 
was considered to follow the initial pro-inflammatory phase3,4, a recent study conducted in 
trauma and burn patients revealed evidence for both activation and impairment of immune 
pathways within hours of the injury using whole-blood leukocyte transcriptional profiling5. 
A hallmark functional feature of immune suppression accompanying critical illness is the 
reduced capacity of whole blood to produce proinflammatory cytokines upon stimulation 
with bacterial agonists ex vivo3,4,6.  
Immune suppression is considered an important risk factor for secondary infection in ICU 
patients, and immunostimulatory therapy is a newly proposed treatment strategy in this 
population4. A clinical challenge herein is to identify patients who may benefit from such 
therapies, that is, those at high risk for nosocomial infections. Although multiple ways of 
immune monitoring have been developed6, whole-blood stimulation tests provide the 
potential advantage that they can be done in a rapid and reproducible way in a routine 
setting7. In this study, we aimed to determine whether the extent of reduced whole-blood 
leukocyte responsiveness to lipopolysaccharide (LPS) relates to the subsequent development 
of ICU-acquired infections in critically ill patients.

Materials and methods

Patient population and study design
This study was incorporated in the MARS (Molecular Diagnosis and Risk Stratification of Sepsis) 
project (clinicaltrials.gov identifier NCT01905033)8,9. Consecutive patients aged older than 18 
years admitted between April 2012 and June 2013 to the ICU of the Academic Medical Center 
(Amsterdam, the Netherlands) were screened by trained research physicians. Patients were 
included when they had at least two systemic inflammatory response syndrome criteria on 
the day of ICU admission (body temperature ≤36°C or ≥38°C, tachycardia >90/min, tachypnea 
>20/min or pCO2<4.3 kPA, leukocyte count <4x109/L or >12x109/L)10. Patients transferred from 
other ICU’s, receiving antibiotics for more than 48 hours before ICU admission, and/or with an 
expected length of ICU stay <24 hours were excluded. Patients were subjected to a single blood 
draw at 9:00 am of the first morning after ICU admission. Healthy subjects were matched with 
regard to age, sex and timing of blood draw. The medical ethical committee of the Academic 
Medical Center in Amsterdam gave ethical approval for the conduction of the study (no. NL 
34294.018.10) and the study was registered at the Central Committee for Human Research 
(CCMO). Written informed consent was obtained from all patients (or legal representative) 
and healthy controls. Heparin-anticoagulated whole blood was stimulated for 3 hours at 
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37oC in pyrogen-free RPMI 1640 (Life Technologies, Bleiswijk, the Netherlands) with or without 
100ng/ml ultrapure LPS (from Escherichia coli 0111:B4; InvivoGen, Toulouse, France). Tumor 
necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β were measured in supernatants using a 
cytometric bead array assay (BD Biosciences, San Jose, Calif). Lipopolysachharide-induced 
cytokine release was calculated by subtraction of cytokine levels in samples incubated 
without LPS from those measured in samples obtained after incubation with LPS. 
An ICU-acquired infection was defined by the systemic therapeutic administration of 
antibiotics for a suspected new infection more than 48 hours after ICU admission. The 
presence of infection (either on admission or ICU-acquired) was established for every affected 
organ or site using Center for Disease criteria11 and International Sepsis Forum consensus 
definitions12 as described in detail elsewhere8. Dedicated research physicians categorized 
the plausibility of infection based on a post hoc review of all available clinical, radiological, 
and microbiological evidence8; patients treated for a suspected infection but with a post hoc 
infection likelihood of none were not considered infectious.

Statistical analysis
All results are presented as numbers (percentages) for categorical variables, median and 
interquartile ranges (IQR) for nonparametric quantitative variables, and mean ± standard 
deviation (SD) for parametric quantitative variables. Continuous nonparametric data were 
analyzed using a Mann-Whitney U test or a Kruskal-Wallis test; categorical data were analyzed 
using a Chi-square or Fisher exact test. Continuous parametric data were analyzed using a 
Student t test or analysis of variance when appropriate. A value of P < 0.05 was considered 
statistically significant. 

 
Results

Patients and ICU-acquired infections
Seventy-three critically ill patients (Table 1) and 18 healthy age (median, 63 years [IQR 52-71]) 
and sex-matched (39% male) controls were included. Admission diagnoses are provided in 
Table 2. In total 47 patients (64%) had a sepsis admission diagnosis, whereas 26 patients 
(36%) were admitted for a noninfectious condition. Ten patients developed an ICU-acquired 
infection (cases), 10 days (median [IQR 8-13]) after ICU admission, while 63 patients did not 
develop an infection during ICU stay (ICU controls). Intensive care unit-acquired infections 
were composed of catheter-related bloodstream infections (n=3), pneumonia (n=3), 
abdominal infections (n=2), secondary meningitis, eye infection, wound infection and skin 
infection (all n=1). Two patients developed two ICU-acquired infections at different times 
during their ICU admission. Baseline characteristics, including comorbidities, a sepsis 
admission diagnosis, severity of illness (Acute Physiology and Chronic Health Evaluation IV 
and Sequential Organ Failure Assessment scores, number of organ failures and shock) and 
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white blood cell counts, were not different between cases and ICU controls (Table 1). Cases 
had a longer length of ICU stay (median, 22 days [IQR 16-24] versus 3 days in ICU controls [IQR 
2-6], P < 0.0001). Overall ICU mortality was 15% (30% in cases and 13% in controls, P = 0.35). 

Table 1: Patient characteristics at baseline.

All ICU-AI No ICU-AI
N = 73 N = 10 N = 63 P value

Age, median [IQR] 62 [49-71] 61 [50-66] 62 [49-72] 0.59
Gender,male n (%) 43 (58%) 4 (40%) 39 (62%) 0.42
BMI, median [IQR] 25 [23-29] 25 [24-30] 25 [23-29] 0.86
Race, white n (%) 60 (82%) 8 (80%) 52 (83%) 0.33
Comorbidity n (%)

None 20 (27%) 2 (20%) 18 (29%) 0.72
Cancer (non-hematologic) 6 (8%) 1 (10%) 5 (8%) 1.00
COPD 9 (12%)  - 9 (14%) 0.34
Diabetes mellitus 12 (16%) 2 (20%) 10 (16%) 1.00
Hypertension 23 (32%) 4 (40%) 19 (30%) 0.70
Immune deficiency 6 (8%) 1 (10%) 5 (8%) 1.00
History of myocardial infarction 7 (10%) 1 (10%) 6 (10%) 1.00

Acute morbidity on admission
Sepsis, n (%) 47 (64%) 8 (80%) 39 (62%) 0.31
APACHE IV score, mean (SD) 78 (27) 86 (35) 77 (26) 0.44
SOFA score, median [IQR] 7 [5-8] 7 [5-8] 7 [5-8] 1.00
Organ failure at admissions, n (%)
None 4 (5%) - 4 (6%) 0.63
Cardiovascular failure 56 (77%) 6 (60%) 50 (79%) 0.08
Respiratory failure 35 (48%) 5 (50%) 30 (48%) 1.00
Renal failure 12 (16%) 3 (30%) 9 (14%) 0.34
Coagulation failure 1 (1%) - 1 (2%) 1.00

Shock 18 (25%) 3 (30%) 15 (24%) 0.06
Mechanical ventilation 57 (78%) 8 (80%) 49 (78%) 1.00

Laboratory parameters first 24h*, median [IQR]

CRP U/L 103 [13-183] 183 [147-200] 81 [10-152] 0.24
Lactate max mm/L 2.4 [1.6-6.1] 3.4 [2.0-7.4] 2.4 [1.6-6.0] 0.63
Platelet count * 109/L 157 [121-211] 147 [108-174] 158 [129-212] 0.37
WBC max *109/L 13 [10-18] 13 [12-16] 13 [10-18] 0.60
Neutrophils * 109/L 9.61 [7.2-12.3] 8.88 [7.48-11.63] 10.28 [7-12-12.37] 0.94
Lymphocytes * 109/L 0.92 [0.67-1.45 1.44 [0.72-1.58] 0.89 [0.68-1.33] 0.54
Monocytes * 109/L 0.59 [0.40-0.93] 0.64 [0.57-0.94] 0.58 [0.38-0.93] 0.70
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APACHE Acute Physiology and Chronic Health Evaluation; BMI Body Mass Index; COPD chronic obstructive 
pulmonary disease; CRP C-reactive protein; ICU-AI Intensive Care Unit Acquired Infection; SOFA Sequential 
Organ Failure Assessment; WBC white blood cell count. * All laboratory parameters are given in medians [IQR].

Table 2: Admission diagnosis.

N (%)

Sepsis admission diagnosis 47 (64%)
Community acquired pneumonia 25
Abdominal sepsis 5
Urinary tract infection 5
Hospital acquired pneumonia 4
Skin infection 3
Brain abscess 1
Mediastinitis 1
Primary meningitis 1
Pharyngitis 1
Sinusitis 1

Noninfectious admission diagnosis 26 (36%)
Cardiac arrest 6
Subdural hematoma/intracranial hemorrhage 5
Cerebrovascular accident/stroke 3
Cardiogenic shock 2
Exacerbation chronic obstructive pulmonary disease 2
Anaphylaxis 1
Asthma 1
Coma/change in level of consciousness 1
Gastro-intestinal ischemia 1
Cardiomyopathy 1
Gastro-intestinal bleeding 1
Pulmonary hemorrhage 1
Dissected thoracic aortic aneurysm 1
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Whole blood stimulations 
Whole-blood leukocytes of critically ill patients, harvested on the first morning after ICU 
admission, released significantly less TNF-α, IL-1β and IL-6 upon stimulation with LPS than 
blood leukocytes from healthy controls (Figure 1). Whole blood from patients with a sepsis 
admission diagnosis released less TNF-α when compared with whole blood from patients 
with a noninfectious admission diagnosis (P = 0.002), whereas IL-1β and IL-6 release did not 
differ between these groups (Figure 2). The whole-blood cytokine production capacity did 
not differ between patients who subsequently developed an ICU-acquired infection and ICU 
controls (Figure 1). Similarly, when analyzed separately, whole-blood cytokine production 
capacity in patients with a sepsis admission diagnosis did not differ between those who did 
and those who did not develop an ICU-acquired infection (data not shown). 

Figure 1: Whole-blood leukocyte responsiveness to lipopolysaccharide in critically ill patients. 

 
Similarly reduced responsiveness of whole-blood leukocytes to lipopolysaccharide in critically ill patients who 
do and those who do not develop a secondary infection. Whole blood was drawn from 73 patients (10 of whom 
subsequently developed a secondary infection) on the first morning (9:00 am) after admission to the intensive 
care unit, and from 18 age-and sex-matched healthy controls. Blood was stimulated for 3 hours with ultra-pure 
lipopolysaccharide (100 ng/mL) and TNF-α, IL-β and IL-6 were measured in supernatants. Data are expressed as 
box and whisker diagrams depicting the median and lower quartile, upper quartile and their respective 1.5 IQR 
as whiskers (as specified by Tukey). Data beyond the end of the whiskers are outliers and plotted as points. HV = 
healthy volunteers. ICU-AI = ICU-acquired infection. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Figure 2: Whole-blood leukocytes from sepsis patients show reduced lipopolysaccharide-induced 

TNF-α production compared to noninfectious patients. 

Whole-blood was drawn from 73 patients (47 of whom had sepsis on admission) on the first morning (9:00 
am) after admission to the intensive care unit, and from 18 age-and sex-matched healthy controls. Blood was 
stimulated for 3 hours with ultra-pure lipopolysaccharide (100 ng/mL) and TNF-α, IL-β and IL-6 were measured 
in supernatants. Data are expressed as box and whisker diagrams depicting the median and lower quartile, 
upper quartile and their respective 1.5 IQR as whiskers (as specified by Tukey). Data beyond the end of the 
whiskers are outliers and plotted as points. HV = healthy volunteers. ** P ≤ 0.01, *** P ≤ 0.001.

Discussion 
In accordance with previous investigations3,4,6, we report a strongly impaired release of 
TNF-α, IL-1β and IL-6 in LPS-stimulated whole blood obtained from critically ill patients 
when compared with healthy controls. However, the extent of the reduction in cytokine 
release capacity did not relate to the subsequent development of ICU-acquired infections. 
These results argue against the use of whole-blood stimulation as a functional test of innate 
immunity applied early after ICU admission to predict nosocomial infection. 
The incidence of secondary infection in our ICU cohort was 13.7%. Previous studies have 
reported incidence rates varying between 9 and 37%, largely dependent on the population 
studied and the definitions used1. Our study was conducted in a mixed surgical-medical ICU 
in an academic hospital. We used strict definitions and post hoc classification by dedicated 
research physicians to diagnose ICU-acquired infections8. 
In theory, functional tests, such as ex vivo stimulation of whole blood, represent the best 
method to establish the function of the innate immune system, because they directly measure 
the capacity of relevant cells to react to a microbial challenge6. Whole-blood stimulation 
is an easy-to-perform test that could be implemented in routine practice7. In the present 
study, we intentionally used a short incubation period (3 hours) considering that, if deemed 
clinically relevant, the test should yield results relatively quickly. The cytokines measured 
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upon a 3-hour LPS stimulation of whole blood likely are mainly produced by monocytes. 
In accordance, monocytes demonstrated a reduced capacity to release proinflammatory 
cytokines in response to LPS in a variety of clinical settings, including sepsis and noninfectious 
systemic inflammatory conditions3,6. In our cohort, whole-blood cytokine production 
corrected for absolute monocyte counts (collected in 81% of the patients included) also did 
not discriminate between patients who did and those who did not develop and ICU-acquired 
infection (data not shown).
The results obtained with LPS-induced whole-blood stimulation were not able to predict 
the subsequent development of ICU-acquired infections. One might argue that our sample 
size was too low. However, although median TNF-α levels were slightly lower in patients who 
developed a secondary infection, based on the variation in TNF-α concentrations in the 73 
patients included in the present study, we calculated that a study encompassing more than 
800 patients would be required to show a statistically significant difference. Hence, such a test 
will unlikely be of clinical value in daily practice. We observed a relatively uniformly depressed 
blood leukocyte responsiveness in critically ill patients, suggesting that other factors such as 
the presence of absence of lines, surgical interventions and the way care is delivered to the 
individual patient influence the risk for the development of nosocomial infections to a greater 
extent than the capacity of innate immune cells to bacterial agonists such as LPS.  
Previous studies investigated the value of surrogate markers of suppression of the adaptive 
immune system to predict secondary infections in ICU patients, especially in those admitted 
with sepsis. Specifically, reduced expression of human leukocyte antigen (HLA)-DR and 
increased expression of programmed cell death (PD)-1, PD-ligand 1 and PD-ligand 2 on blood 
monocytes, determined by flow cytometry 3 to 5 days after ICU admission, correlated with an 
enhanced incidence of secondary infections in patients with septic shock13,14. Measurements 
were not done earlier after ICU admission. In both earlier investigations the incidence of 
nosocomial infections was much higher (24.2 and 29.7% respectively)13,14 than observed 
here (13.7%), suggesting that the populations studied and/or the definitions used for ICU-
acquired infection differed. We performed whole-blood stimulation on the first morning after 
ICU admission, at 9:00 am, seeking to evaluate a potential early test and avoiding potential 
circadian variation. Further research is needed to establish whether whole-blood stimulation 
conducted at later time points after ICU admission can assist in identifying patients at risk 
for nosocomial infections. Indeed, in a study encompassing 70 critically ill children, amongst 
whom 30 with sepsis, a reduced ex vivo LPS-induced TNF-α response in whole blood on day 
7 after admission was associated with development of nosocomial infection and death15.  

Conclusion
The extent of reduced LPS responsiveness of whole blood leukocytes in critically ill patients 
determined on the first morning after ICU admission does not relate to the subsequent 
development of ICU-acquired infections. 
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Abstract
Background: Diabetes is associated with chronic inflammation and activation of the 
vascular endothelium and the coagulation system, which in a more acute manner are also 
observed in sepsis. Insulin and metformin exert immune modulatory effects. In this study, we 
aimed to determine the association of diabetes and preadmission insulin and metformin use 
with sepsis outcome and host response. 
Methods: We evaluated 1104 sepsis patients admitted to the intensive care unit stratified 
according to the presence or absence of diabetes. The host response was examined by a 
targeted approach (by measuring 15 plasma biomarkers reflective of pathways implicated 
in sepsis pathogenesis) and an unbiased approach (by analyzing whole genome expression 
profiles in blood leukocytes).
Results: Diabetes was not associated with differences in sepsis presentation or mortality 
up to 90 days after admission. Plasma biomarker measurements revealed signs of systemic 
inflammation, and strong endothelial and coagulation activation in sepsis patients, none 
of which were altered in those with diabetes. Diabetes and non-diabetes patients with 
sepsis demonstrated similar transcriptional alterations, comprising 74% of the expressed 
gene content and involving over-expression of genes associated to pro-inflammatory, anti-
inflammatory, Toll-like receptor and metabolic signaling pathways and under-expression 
of genes associated to T-cell signaling pathways. Amongst diabetes patients with sepsis 
preadmission treatment with insulin or metformin was not associated with an altered sepsis 
outcome or host response. 
Conclusions: Neither diabetes nor preadmission insulin or metformin use are associated 
with an altered disease presentation, outcome or host response in patients with sepsis 
requiring intensive care.
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Introduction
Sepsis is characterized by a detrimental unbalanced host response to an infection, resulting 
in damage to tissues and dysfunction of organs1. The outcome of sepsis is influenced by 
elements associated with the causative pathogen, the primary source of the infection and the 
host. With respect to the latter, genetic composition, age and comorbidities are considered 
to contribute1. 
Diabetes is one of the most common comorbidities in patients with sepsis2. Diabetes is 
associated with an increased susceptibility to infection and sepsis3, likely at least in part 
due to compromised immune responses, such as adhesion, chemotaxis, phagocytosis 
and bacterial killing by immune cells3,4. Diabetes can be accompanied by chronic organ 
dysfunction together with a state of low-grade chronic inflammation and activation of the 
vascular endothelium and the coagulation system4-6, pathological alterations that in a more 
acute way also feature in patients with sepsis1. Nonetheless, several studies have reported 
that diabetes does not change the mortality of sepsis7-10. Knowledge of the possible influence 
of diabetes on the host response to severe sepsis is limited. One investigation reported similar 
cytokine and procoagulant responses in critically ill sepsis patients with and without pre-
existing diabetes9, while another study found elevated levels of endothelial cell activation 
markers in diabetes patients with septic shock relative to patients without diabetes11. 
The primary objective of the present study was to provide more insight into the association 
between pre-existing diabetes and the host response to sepsis. To this end, we studied 
the host response in a large prospective cohort of well-documented critically ill sepsis 
patients stratified according to the presence or absence of diabetes, using both a targeted 
approach (by measuring 15 plasma biomarkers reflective of pathways implicated in sepsis 
pathogenesis) and an unbiased approach (by analyzing the whole genome expression 
profiles in blood leukocytes). Additionally, considering that the common antidiabetic drugs 
insulin12-15 and metformin16-18 can exert immune modulatory effects, the secondary objective 
of this study was to determine whether diabetes patients treated with either one of these 
medications presented with an altered host response to sepsis.  

Research design, materials and methods

Study design, setting and patient identification 
This study was conducted as part of the “Molecular Diagnosis and Risk Stratification of Sepsis” 
(MARS) project, a prospective observational study in the mixed intensive care units (ICUs) 
of two tertiary teaching hospitals (Academic Medical Center in Amsterdam and University 
Medical Center in Utrecht)(ClinicalTrials.gov identifier NCT01905033)19-21. Consecutive patients 
above 18 years of age admitted between January 2011 and July 2013 with an expected length 
of stay longer than 24 hours were included via an opt-out method approved by the medical 
ethical committees of the participating hospitals. All patient data were encrypted for privacy 
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reasons and no separate ethical approval was required for substudies as the one described 
here. Analyses were limited to the first 2.5 years of MARS since host response measurements 
were restricted to this period for financial reasons. For every admitted patient the plausibility 
of an infection was assessed using a four point scale (ascending from none, possible, probable 
to definite) using Center for Disease Control and Prevention and International Sepsis Forum 
consensus definitions, making use of all clinical, radiological and microbiological data, as 
described in detail19. Sepsis was defined as the presence of infection diagnosed within 24 
hours after ICU admission with a probable or definite likelihood, accompanied by at least one 
additional parameter as described in the 2001 International Sepsis Definitions Conference22. 
Dedicated research physicians prospectively collected demographics, comorbidities 
(including the Charlson comorbidity index23), and daily clinical data and severity scores, 
including Acute Physiology and Chronic health Evaluation (APACHE) IV24 and Sequential Organ 
Failure Assessment (SOFA) scores (central nervous system was excluded)25. Diabetes was 
defined as a known history of type 1 or type 2 diabetes prior to ICU admission or by the use of 
oral antidiabetic medication or insulin as chronic medication. The timing of the last dose of 
insulin or metformin prior to ICU admission was not registered; metformin was stopped after 
ICU admission. Cardiovascular insufficiency was defined as a medical history of congestive 
heart failure, chronic cardiovascular disease, peripheral vascular disease or cerebrovascular 
disease. Malignancy was defined as a medical history of either non-metastatic solid tumor, 
metastatic malignancy or hematologic malignancy. Patients with a history of chronic renal 
insufficiency or with chronic intermitted hemodialysis or continuous ambulatory peritoneal 
dialysis were marked as renal insufficient21. Specific organ failures were defined as a SOFA 
score of ≥3, except for cardiovascular failure for which a score of ≥1 was used (central nervous 
system was excluded)26. Shock was defined by the use of vasopressors (noradrenaline) for 
hypotension in a dose of >0.1µg/kg/min during at least 50% of the ICU day. Acute kidney 
injury and acute lung injury were defined using strict pre-set criteria27,28. ICU-acquired 
complications were defined as events that started 2 days or more after ICU admission. The 
Municipal Personal Records Database was consulted to calculate survival after ICU admission. 
Patients readmitted to the same ICU or transferred from other ICUs were excluded, except 
when patients were referred to one of the study centers on the day of admission. 

Plasma protein assays
Daily (on admission and at 6 AM thereafter) EDTA anti-coagulated left-over plasma harvested 
from blood obtained for regular patient care was stored within 4 hours after blood draw at 
-80oC. Measurements were done in EDTA anti-coagulated plasma. Tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, interferon-γ, soluble E-selectin, soluble 
intercellular adhesion molecule (ICAM)-1 and fractalkine were measured by FlexSet cytometric 
bead array (BD Biosciences, San Jose, CA) using FACS Calibur (Becton Dickenson, Franklin 
Lakes, NJ). Matrix metalloproteinase (MMP)-8, angiopoietin-1, angiopoietin-2, protein C, 
antithrombin (all R&D systems, Abingdon, UK) and D-dimer (Procartaplex, eBioscience, San 
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Diego, CA) were measured by Luminex multiplex assay using BioPlex 200 (BioRad, Hercules, 
CA). C-reactive protein (CRP) was determined by immunoturbidimetric assay (Roche 
diagnostics), prothrombin time (PT) and activated partial thromboplastin time (aPTT) by 
using a photometric method with Dade Innovin Reagent or by Dade Actin FS Activated PTT 
Reagent, respectively (both Siemens Healthcare Diagnostics). Normal values were obtained in 
plasma from 27 age- and gender-matched healthy volunteers, included after written informed 
consent, with the exception of CRP, PT and aPTT (routine laboratory reference values).

Blood gene expression microarrays
Whole blood was collected in PAXgene™ tubes (Becton-Dickinson, Breda, the Netherlands) 
within 24 hours after ICU admission. Total RNA was isolated using the PAXgene blood 
mRNA kit (Qiagen, Venlo, the Netherlands) in combination with QIAcube automated system 
(Qiagen, Venlo, the Netherlands), according to the manufacturer’s instructions. RNA (RNA 
integrity number > 6.0) was processed and hybridized to the Affymetrix Human Genome U219 
96-array and scanned by using the GeneTitan instrument at the Cologne Center for Genomics 
(CCG), Cologne, Germany, as described by the manufacturer (Affymetrix). Raw data scans 
(.CEL files) were read into the R language and environment for statistical computing (version 
2.15.1; R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/). 
Pre-processing and quality control was performed by using the Affy package version 1.36.1. 
Array data were background corrected by Robust Multi-array Average, quantiles-normalized 
and summarized by medianpolish using the expresso function (Affy package). The resultant 
49,386 log-transformed probe intensities were filtered by means of a 0.5 variance cutoff 
using the genefilter method29 to recover 24,646 expressed probes in at least one sample. The 
occurrence of non-experimental chip effects was evaluated by means of the Surrogate Variable 
Analysis (R package version 3.4.0) and corrected by the empirical Bayes method ComBat30 
The non-normalized and normalized MARS gene expression data sets are available at the 
Gene Expression Omnibus public repository of NCBI under accession number GSE65682. The 
24,646 probes were assessed for differential abundance across healthy subject and patient 
samples by means of the limma method (version 3.14.4)31. Supervised analysis (comparison 
between pre-defined groups) was performed by moderated t statistics. Throughout 
Benjamini-Hochberg (BH) multiple comparison adjusted probabilities, correcting for the 
24,646 probes (false discovery rate < 5%), defined significance. Ingenuity Pathway Analysis 
(Ingenuity Systems IPA, www.ingenuity.com) was used to identify the associating canonical 
signaling pathways stratifying genes by over- and under-expressed patterns. The Ingenuity 
gene knowledgebase was selected as reference and human species specified. All other 
parameters were left at default. Association significance was measured by Fisher’s exact. 

Statistical analysis 
All data distributions were tested for normality using Shapiro-Wilk tests and histogram plots. 
A Mann-Whitney U or a Kruskal-Wallis test was used to analyze continuous nonparametric 
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data, presented as median and interquartile ranges (IQR, 25th and 75th percentiles). 
Continuous parametric data, presented as numbers (percentages) or as means ± standard 
deviation (SD), were analyzed using a student’s t-test or analysis of variance when 
appropriate, All categorical data were analyzed using a chi square test. Since biomarker data 
were not normally distributed a Kruskall Wallis test was used to analyze non-parametric 
data. A multivariable cox proportional hazard model was used to determine the association 
between diabetes and mortality. The covariables included in the model were BMI, patient 
age, gender, cardiovascular insufficiency, renal insufficiency and hypertension. A sensitivity 
analysis correcting for APACHE IV score was also conducted. 
All data were analyzed using R studio built under R version 3.0.2 (R Core Team 2013, Vienna, 
Austria)32. R package survival was used for the survival analysis. Multiple-comparison adjusted 
(Benjamini-Hochberg, BH) P value < 0.05 defined significance of plasma biomarkers.

Results

Patients, sepsis presentation and outcome
During the 2.5-year study period 1483 ICU admissions with sepsis were screened for eligibility; 
after exclusion of 250 (16.9%) readmissions and 129 (8.7%) transferals from other ICUs, 1104 
patients remained for study inclusion, of whom 241 (21.8%) had a medical history of diabetes. 
Patients with diabetes were older, had a higher BMI, a higher modified Charlson comorbidity 
index (calculated without the contribution of diabetes) and were admitted with more chronic 
comorbidities such as cardiovascular compromise, hypertension and renal insufficiency (Table 
1). Gender and race did not differ between groups. Insulin was noted as chronic medication in 
54.8% of diabetes patients, metformin was used in 47.3% of diabetes patients.
Disease severity on ICU admission was comparable in patients with and without known 
diabetes. Although the APACHE IV score was higher in diabetes patients, the difference with 
non-diabetes patients was driven by differences in age and comorbidities since the Acute 
Physiology Score (APS) was comparable between groups. Patients with known diabetes 
more often were admitted with urosepsis (17.4% versus 9.8% in non-diabetes patients, P = 
0.002); other sources of infection were not different between groups. Causative pathogens 
between diabetes and non-diabetes patients were comparable, although there was a trend 
to more gram-negative infections in patients having a history of diabetes (Table 1).
Patients with diabetes did not differ from non-diabetes patients with regard to ICU or 
hospital length of stay, or development of ICU-acquired complications (Table 1). In addition, 
mortality did not differ between groups up to 90 days after ICU admission (Table 1). Diabetes 
was also not associated with increased risk for mortality at 90 days after correction for 
baseline differences; BMI, age, gender, cardiovascular insufficiency, renal insufficiency and 
hypertension (HR 0.90, 95% CI 0.69-1.15) nor when corrected for APACHE IV score (HR 1.02, 
95% CI 0.81-1.29).
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Table 1. Baseline characteristics, clinical course and outcome of critically ill sepsis patients with or 
without diabetes.

Diabetes No diabetes P value 
Patients 241 (21.8%) 863 (78.2%)
Demographics
Age, mean (SD) 66.0 (11.6) 59.8 (15.2) <.0001
Gender male, n (%) 144 (59.8%) 527 (61.1%) 0.77
BMI mean (SD) 28.9 (7.7) 25.2 (5.4) <.0001
Race, white, n (%) 202 (83.8%) 771 (89.3%) 0.10
Medical admission, n (%) 188 (78.0%) 630 (73.0%) 0.13
Chronic comorbidity, n (%)

Cardiovascular compromise 103 (42.7%) 160 (18.5%) <.0001
COPD 37 (15.4%) 124 (14.4%) 0.74
Hypertension 129 (53.5%) 211 (24.4%) <.001
Malignancy 61 (25.3%) 215 (24.9%) 0.94
Renal insufficiency 57 (23.7%) 104 (12.1%) <.001
Modified Charlson comorbidity index* 5 [3-6] 4 [2-5] <.0001

Diabetic medication, n (%)
Insulin 133 (55.2%)
Metformin 114 (47.3%) -
Glimepiride 22 (9.1%) -
Glibenclamide 1 (0.4%) -
Gliclazide 5 (2.1%) -
Tolbutamide 24 (10.0%) -

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 82 [66-104] 79 [52-101] 0.03
APACHE APS, median [IQR] 67 [52-87] 67 [50-85] 0.44
SOFA score, median [IQR] 7 [5-9] 7 [5-9] 0.55
Mechanical ventilation, n (%) 155 (64.3%) 601 (69.6%) 0.12
Organ failure, n (%) 202 (83.8%) 721 (83.5%) 0.48
Shock, n (%) 78 (32.4%) 295 (34.2%) 0.65
Acute kidney injury, n (%) 96 (39.8%) 308 (35.7%) 0.26
Acute lung injury, n (%) 61 (25.3%) 219 (25.4%) >.99
Acute myocardial infarction, n (%) 7 (2.9%) 17 (2.0%) 0.45

Laboratory measurements first 24 hours after ICU admission (peak values), median [IQR]
Glucose (mmol/L) 12.9 [10.5-16.2] 9.5 [7.9-11.5] <.0001
Lactate (mmol/mL) 3.1 [1.8-4.8] 2.5 [1.6-4.9] 0.14
Creatinin (µmol/l) 135 [89-197] 109 [71-181] <.0001
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Diabetes No diabetes P value 
Patients 241 (21.8%) 863 (78.2%)

Source of infection, n (%)
Pulmonary 103 (42.7%) 430 (49.8%) 0.07
Abdominal 53 (22.0%) 188 (21.8%) >.99
Urosepsis 42 (17.4%) 85 (9.8%) 0.002
Cardiovascular infection 29 (12.0%) 124 (14.4%) 0.41
Skin 14 (5.8%) 36 (4.2%) 0.32

Causative pathogens†, n (%)
Gram-negative bacteria 141 (58.5%) 444 (51.4%) 0.06
Gram-positive bacteria 102 (42.3%) 386 (44.7%) 0.55
Fungi /yeasts 26 (10.8%) 80 (9.3%) 0.56
Virus 11 (4.6%) 46 (5.3%) 0.76
Other 17 (7.1%) 54 (6.3%) 0.78
Unknown 31 (12.9%) 134 (15.6%) 0.36

Outcome
ICU Length of stay (days), median [IQR] 4 [2-9] 4 [2-10] 0.56
Hospital length of stay (days), median [IQR] 21 [10-40] 23 [11-47] 0.08
Complications, n (%)

None 199 (82.6%) 702 (81.3%) 0.70
Acute kidney injury 25 (10.4%) 69 (8.0%) 0.30
Acute lung injury 10 (4.1%) 41 (4.8%) 0.74
ICU-acquired weakness 13 (5.4%) 60 (7.0%) 0.46
Acute myocardial infarction 2 (0.8%) 8 (0.9%) >.99
ICU-acquired infection 22 (9.1%) 88 (10.2%) 0.63

Mortality, n (%)
ICU 47 (19.5%) 180 (20.9%) 0.65
Hospital 78 (32.4%) 270 (31.3%) 0.83
Day 30 72 (29.9%) 233 (27.0%) 0.44
Day 60 90 (37.3%) 275 (31.9%) 0.15
Day 90 95 (39.4%) 308 (35.7%) 0.32

* Modified Charlson is calculated without the contribution of diabetes. 

† The percentages of causative pathogens were calculated using the total number of infections as denominator. 
Since multiple pathogens could be assigned as causative, percentages >100% may occur. 
Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; APS: Acute Physiology Score; BMI: 
Body Mass Index; COPD: Chronic Obstructive Pulmonary Disease; ICU: Intensive Care Unit; IQR: interquartile 
ranges. 
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Plasma biomarkers reflective of host response pathways implicated in sepsis 
pathogenesis 
Relative to healthy controls, patients with sepsis displayed an increased acute phase protein 
response (elevated plasma CRP concentrations), a profound activation of the cytokine 
network (elevated plasma levels of IL-6, IL-8 and IL-10), the vascular endothelium (elevated 
plasma concentrations of soluble E-selectin, soluble ICAM-1, fractalkine and  angiopoietin-2, 
and reduced levels of angiopoietin-1) and the coagulation system (elevated D-dimer 
levels, prolonged PT and aPTT, and reduced levels of the anticoagulant proteins protein C 
and antithrombin), both on ICU admission (Figure 1) and at days 2 and 4 (eTable 1 in the 
Supplement). Systemic inflammation was further revealed by elevated levels of MMP-8. None 
of these responses differed between patients with and those without diabetes. The plasma 
concentrations of TNF-α, interferon-γ, IL-1β and IL-13 were undetectable or very low in the 
vast majority of patients and not different between groups (data not shown).

Blood leukocyte transcriptome analysis
Using an unbiased approach we compared the blood leukocyte transcriptome of patients 
with diabetes (n = 108) and those without diabetes (n = 382). This analysis comprised 
the subgroup of patients enrolled during the first 1.5 years of this study (eTable 2 in the 
Supplement). Demographic differences and differences regarding comorbidities between 
diabetes and non-diabetes patients were similar to those found in the complete cohort. 
Likewise disease severity at presentation and outcomes did not differ between patients with 
and those without diabetes. At first genome-wide blood gene expression profiles of these 
sepsis patients were compared to 42 healthy controls. Both diabetes and non-diabetes 
patients demonstrated strong transcriptional alterations (Figure 2A), 74% of the expressed 
gene content was significantly altered in both sepsis groups, with no differences between 
diabetes and non-diabetes sepsis patients (Figure 2B). Biological pathway analysis revealed 
commonly over-expressed genes associated to typical pro-, anti-inflammatory, Toll-like 
receptor and metabolic signalling pathways (Figure 2C). Common under-expressed genes 
associated to a variety of T-cell signalling pathways as well as translation (EIF2) and metabolic 
(mTOR) signalling pathways (Figure 2C). 
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Figure 1. Plasma biomarkers reflective of host response pathways implicated in sepsis 
pathogenesis on ICU admission in sepsis patients with and without diabetes.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects.CRP; C-reactive protein. IL; interleukin. ICAM; intercellular adhesion molecule.  
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Figure 2. Blood transcriptional profiling of sepsis patients with and without diabetes. 

(A) Volcano plot representation of differentially expressed genes of whole-blood leukocytes in sepsis patients 
discordant for diabetes, each compared to healthy controls. Red dots denote over-expressed genes, blue dots 
denote under-expressed genes. (B) Spearman correlation analysis of the transcriptional alterations in sepsis 
patients with or without diabetes revealed an almost perfect correlation. rho, Spearman’s correlation coefficient. 
(C) Ingenuity pathway analysis of commonly over-expressed (red bars) and under-expressed (turquoise bars) 
genes. –log10 (BH) p, negative log10 transformed Multiple comparison corrected p-values.  

Association with insulin and metformin treatment
To obtain insight into a possible effect of chronic insulin treatment on the host response 
to sepsis in patients with diabetes, we first determined differences in the presentation and 
outcome of diabetes patients who were on insulin therapy prior to ICU admission and those 
who were not (Table 2). Relative to diabetes patients who were not on chronic insulin therapy, 
patients treated with insulin were younger, less frequently male and had less cardiovascular 
insufficiency, less malignancy, and more renal insufficiency. 36.1% of insulin treated patients 
also received oral antidiabetic medication. The course and mortality of sepsis was similar 
in diabetes patients who were and those who were not on chronic insulin therapy (Table 2). 
Chronic insulin treatment did not influence the mortality risk at 90 days when corrected for 
baseline differences; age, gender, malignancy and renal insufficiency (HR 1.10, 95% CI 0.72-
1.69) nor when corrected for APACHE IV score (HR 0.87, 95% CI 0.58-1.30). Plasma biomarker 
levels contemplative of systemic inflammation, activation of the coagulation system and 
the vascular endothelium did not differ between patients on chronic insulin therapy and 
those who were not (Figure 3). Similarly, the blood leukocyte genomic response did not differ 
between these two groups (eFigure 1A in the Supplement). 
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Table 2. Baseline characteristics, clinical course and outcome of diabetes patients with sepsis 
stratified according to use of insulin or metformin prior to ICU admission. 

Diabetes 
treated with 

insulin

Diabetes 
not treated 
with insulin

P 
value 

Diabetes 
treated with 
metformin

Diabetes 
not treated 
with met-

formin

P 
value

Patients 133 (55.2%) 108 (44.8%) 114 (47.3%) 127 (52.7%)

Demographics

Age mean (SD) 64.3 (12.5) 68.1 (10.0) <0.01 67.0 (10.4) 65.1 (12.6) 0.19

Gender male, n (%) 71 (53.4%) 73 (67.6%) 0.04 78 (68.4%) 66 (52.0%) 0.01

BMI mean (SD) 28.9 (8.5) 28.9 (6.7) 0.98 29.0 (7.7) 28.8 (7.9) 0.86

Race, white, n (%) 115 (86.5%) 87 (80.6%) 0.45 97 (85.1%) 105 (82.7%) 0.66

Medical admission, n (%) 104 (78.2%) 84 (77.8%) >.99 92 (80.7%) 96 (75.6%) 0.37

Chronic comorbidity, n (%)

Cardiovascular compromise 49 (36.8%) 54 (50.0%) 0.05 48 (42.1%) 55 (43.3%) 0.89

COPD 22 (16.5%) 15 (13.9%) 0.59 16 (14.0%) 21 (16.5%) 0.59

Hypertension 66 (49.6%) 63 (58.3%) 0.20 65 (57.0%) 64 (50.4%) 0.34

Malignancy 25 (18.8%) 36 (33.3%) 0.02 32 (28.1%) 29 (22.8%) 0.38

Renal insufficiency 41 (30.8%) 16 (14.8%) <.01 10 (8.8%) 47 (37.0%) <.001

Modified Charlson 
comorbidity index* 4 [3-6] 5 [4-6] 0.01 5 [3-6] 5 [3-6] 0.85

Diabetic medication

Insulin 132 (100.0%) - 44 (38.6%) 88 (69.3%) <.001

Metformine 44 (33.1%) 70 (64.8%) <.001 114 (100.0%) -

Glimepiride 5 (3.8%) 17 (15.7%) <.01 18 (15.8%) 4 (3.1%) <.001

Glibenclamide - 1 (0.9%) 0.47 1 (0.9%) -

Gliclazide 2 (1.5%) 3 (2.8%) 0.66 2 (1.8%) 3 (2.4%) >.99

Tolbutamide 3 (2.3%) 21 (19.4%) <.001 8 (7.0%) 16 (12.6%) 0,18

Any oral antidiabetic 
medication 48 (36.1%) 89 (82.4%) <.001 114 (100.0%) 23 (18.1%) <.0001

Severity of disease on ICU admission
APACHE IV Score, 
median [IQR] 82 [67-106] 83 [65-103] 0.97 83 [64-106] 82 [68-104] 0.62

APACHE APS, median [IQR] 68 [52-87] 65 [51-85] 0.54 66 [50-90] 68 [54-86] 0.56

SOFA score, median [IQR] 7 [6-9] 7 [5-9] 0.58 7 [5-8] 8 [6-10] 0.05

Mechanical ventilation, 
n (%) 79 (59.4%) 76 (70.4%) 0.07 70 (61.4%) 85 (66.9%) 0.41

Organ failure, n (%) 115 (86.5%) 87 (80.6%) 0.56 94 (82.5%) 108 (85.0%) 0.77

Shock, n (%) 46 (34.6%) 32 (29.6%) 0.50 28 (24.6%) 50 (39.4%) 0.02

Acute kidney injury, n (%) 56 (42.1%) 40 (37.0%) 0.43 50 (43.9%) 46 (36.2%) 0.22

Acute lung injury, n (%) 31 (23.3%) 30 (27.8%) 0.46 30 (26.3%) 31 (24.4%) 0.79

Acute myocardial infarction, 
n (%) 4 (3.0%) 3 (2.8%) >.99 5 (4.4%) 2 (1.6%) 0.25
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Diabetes 
treated with 

insulin

Diabetes 
not treated 
with insulin

P 
value 

Diabetes 
treated with 
metformin

Diabetes 
not treated 
with met-

formin

P 
value

Patients 133 (55.2%) 108 (44.8%) 114 (47.3%) 127 (52.7%)

Laboratory measurements first 24 hours after ICU admission (peak values), median [IQR]

Glucose (mmol/L) 12.8 [10.8-
16.6]

12.9 [10.0-
15.5] 0.17 12.5 [10.3-

15.5]
13.3 [10.6-

16.7] 0.43

Lactate (mmol/mL) 3.2 [2-4.9] 2.9 [1.6-4.5] 0.35 2.7 [1.6-4.5] 3.3 [2-5.1] 0.22

Creatinin (µmol/L) 146 [89-228] 123 [92-173] 0.08 124 [87-170] 151 [95-255] 0.01

Outcome

Length of ICU stay (days), 
median [IQR] 4 [2-9] 4 [2-9] >.99 5 [2-10] 4 [2-9] 0.65

Hospital length of stay 
(days), median [IQR] 21 [11-44] 21 [9-38] 0.55 22 [11-44] 20 [10-40] 0.44

Complications, n (%)

None 108 (81.2%) 91 (84.3%) 0.60 96 (84.2%) 103 (81.1%) 0.62

Acute kidney injury 13 (9.8%) 12 (11.1%) 0.82 11 (9.6%) 14 (11.0%) 0.84

Acute lung injury 7 (5.3%) 3 (2.8%) 0.35 4 (3.5%) 6 (4.7%) 0.76

ICU-acquired weakness 6 (4.5%) 7 (6.5%) 0.56 6 (5.3%) 7 (5.5%) >.99

Acute myocardial 
infarction 1 (0.8%) 1 (0.9%) >.99 2 (1.8%) - 0.22

ICU-acquired infection 16 (12.0%) 6 (5.6%) 0.13 8 (7.0%) 14 (11.0%) 0.39

Mortality, n (%)

ICU 23 (17.3%) 24 (22.2%) 0.42 18 (15.8%) 29 (22.8%) 0.20

Hospital 43 (32.3%) 35 (32.4%) >.99 32 (28.1%) 46 (36.2%) 0.22

Day 30 41 (30.8%) 31 (28.7%) 0.77 31 (27.2%) 41 (32.3%) 0.47

Day 60 50 (37.6%) 40 (37.0%) >.99 38 (33.3%) 52 (40.9%) 0.25

Day 90 51 (38.3%) 44 (40.7%) 0.79 41 (36.0%) 54 (42.5%) 0.30

* Modified Charlson is calculated without the contribution of diabetes.
Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; APS: Acute Physiology Score; BMI: 
Body Mass Index; COPD: Chronic Obstructive Pulmonary Disease; ICU: Intensive Care Unit.
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Figure 3. Host response on ICU admission in patients admitted with insulin-treated versus non-
insulin treated diabetes.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. CRP; C-reactive protein. IL; interleukin. ICAM; intercellular adhesion molecule. 
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Figure 4. Host response on ICU admission in patients admitted with metformin-treated versus 
non- metformin treated diabetes.

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. CRP; C-reactive protein. IL; interleukin. ICAM; intercellular adhesion molecule. 
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To obtain insight into a possible influence of prior metformin treatment on the host response 
to sepsis in patients with diabetes, we first assessed variances in the presentation and 
outcome of diabetes patients who had received metformin prior to ICU admission and those 
who had not (Table 2). Relative to diabetes patients who were not on chronic metformin 
treatment, patients treated with metformin were more frequently male and had less renal 
insufficiency. Metformin treatment was not associated with an altered course or case fatality 
rate of sepsis (Table 2). Chronic metformin treatment did not influence the mortality risk 90 
days when corrected for baseline differences; age, gender and renal insufficiency (HR 0.75. 
95% CI 0.48-1.15) nor when corrected for APACHE IV score (HR 0.81, 95% CI 0.54-1.21). The 
host response to sepsis, as measured by plasma protein markers (Figure 4) and the whole 
genome transcriptome in blood leukocytes (eFigure 1B in the Supplement) did not differ 
between diabetes patients with and those without prior metformin therapy. 

Discussion 
The main finding of this investigation is that sepsis patients with a medical history of diabetes 
show a similar host response upon ICU admission when compared with sepsis patients 
without known diabetes. In addition, pre-existing diabetes did not alter sepsis associated 
mortality up to 90 days after ICU admission. We also demonstrate that amongst patients with 
diabetes two common diabetes therapies, insulin and metformin, are not associated with a 
modified host response or sepsis outcome.
Our data on similar case fatality rates of sepsis in critically ill patients with or without a 
known history of diabetes are in accordance with previous studies7,9,10 Notably, however, 
other investigations have reported increased33,34 or decreased35 sepsis mortality in diabetes 
patients. These latter studies differ from ours in that they did not merely include sepsis 
patients in need of intensive care and as a consequence thereof reported much lower 
mortality rates than observed in our sepsis ICU population. Together these data suggest that 
the association of diabetes with sepsis outcome at least in part depends on the (sub)acute 
severity of disease. 
Diabetes was not associated with altered host responses during sepsis, suggesting that 
diabetes related low-grade chronic inflammation, activation of the vascular endothelium 
and the coagulation system4-6 does not influence acute infection-induced alterations in 
these pathways. In accordance, a previous study likewise reported comparable markers of 
coagulation and inflammation in diabetes patients with sepsis9. Similarly, diabetes was not 
associated with altered cytokine or procoagulant responses in patients presenting at the 
emergency room with community-acquired pneumonia36. We measured several plasma 
biomarkers of endothelial cell activation (soluble E-selectin, soluble ICAM-1, fractalkine)37 
and barrier function (angiopoietin-1 and -2)37, neither of which was modified in diabetes 
patients. The vascular endothelium is of great interest in the context of diabetes and sepsis, 
since chronic diabetes can cause a dysfunctional endothelium leading to diabetes related 
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atherosclerosis38, and upregulation of ICAM-1, vascular cell adhesion molecule-1 (VCAM-1) 
and E-selectin, resulting in increased adherence of neutrophils39. An earlier investigation 
reported endothelial cell activation plasma markers in patients presented to the emergency 
department with clinically suspected infection11. In this cohort soluble ICAM-1 and VCAM-1 did 
not differ between patients with and without diabetes; however, plasma soluble E-selectin 
and soluble fms-like tyrosine kinase-1 were higher in diabetes patients; notably, unlike 
our investigation, diabetes patients presented with more severe disease when compared 
with non-diabetes patients, possibly confounding interpretation of plasma biomarker 
measurements11. Similarities in sepsis patients discordant for diabetes were not exclusive 
to plasma biomarkers, since we also observed no differences in their blood leukocyte 
transcriptomes. Almost identical alterations were evident in both groups of patients as 
compared to healthy controls; alterations that were strongly attuned to a “common host/
sickness response”20. Over-expression of typical pro-, anti-inflammatory and metabolic 
pathways paralleled with under-expression of a plethora of T-cell related pathways were 
overarching features of the common response. Notably, key cellular metabolic pathways 
(mitochondrial dysfunction, EIF2 and MTOR signaling) were also similarly altered in patients 
with and without diabetes. 
Our study is the first to analyze insulin-treated relative to non-insulin treated diabetes 
patients, revealing no differences between groups with regard to sepsis presentation, 
outcome or host responses. An earlier investigation reported an increased disease severity 
in critically ill patients with insulin-treated diabetes relative to all other patients on ICU 
admission10. However, this study is difficult to compare with ours, since it was not restricted 
to sepsis patients and since the comparator group consisted of both diabetes patients not 
treated with insulin and patients without diabetes10. Since insulin can modify inflammatory 
and procoagulant responses independent of glucose levels12-15 we sought to compare the 
host response in insulin-treated versus non-insulin treated diabetes patients. Pre-existing 
insulin-treatment did not affect any of the plasma host response biomarkers or the blood 
genomic response in our cohort, possibly due to the more profound alterations caused by 
the sepsis response in both groups. 
Considering the established anti-inflammatory effects of metformin16,17, we compared 
sepsis presentation, outcome and host responses between metformin-treated and non-
metformin-treated diabetes patients. We found no metformin effect on outcome or host 
response, despite the fact that non-metformin treated diabetes patients were admitted 
with significantly higher rates of shock. Metformin may decrease mortality in other patient 
populations. In diabetes patients who underwent cardiac surgery, preadmission metformin 
use was associated with a decreased postoperative morbidity rate, including infections, 
and with a substantial decrease in inpatient mortality40. In a general population of medical 
and surgical ICU patients with type 2 diabetes preadmission metformin use was associated 
with reduced 30-day mortality; however, statistical significance was lost in the subgroup 
of patients with sepsis41. Blood transcriptome data obtained from diabetic sepsis patients 



CHAPTER 5

146

discordant for metformin use suggests no influence of gluconeogenesis antagonism on 
systemic genomic responses.
Our study has strengths and limitations. It is the first to report on the potential influence 
of diabetes on the blood genomic response to sepsis and the first of its size to extensively 
study the association of diabetes treatments on the host response to sepsis. Due to our 
prospective data collection we present a well-defined sepsis population with detailed 
clinical and laboratory information. Since diabetes was registered based on medical history 
or the use of antidiabetic medication, the possibility of previously unrecognized or new onset 
diabetes cannot be excluded and could lead to misclassification of diabetic status. The type 
of diabetes was not registered and we cannot provide information on diabetes control prior 
to ICU admission, since HbA1c was not routinely measured and diabetes care usually is done 
by general practitioners. In addition, since plasma protein biomarkers were measured at 
intervals relative rapid changes in biomarker distribution could not be analyzed.

Conclusion
Neither diabetes nor preadmission insulin or metformin use are associated with an altered 
disease severity, outcome or host response in patients with sepsis requiring intensive care.
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eTable 2.   Plasma biomarkers at day 2 and 4 after intensive care unit admission of sepsis 
patients with or without diabetes.

eTable 2.   Baseline characteristics and outcome of sepsis patients with or without diabetes 
included in the whole genome wide expression analysis.

eFigure 1.   Blood leukocyte genomic response in diabetic sepsis patients discordant for 
insulin or metformin treatment. 
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eTable 1. Plasma biomarkers at day 2 and 4 after intensive care unit admission of sepsis patients 

with or without diabetes.

Day 2† Day 4†

Diabetes No Diabetes Diabetes No Diabetes
Inflammatory and 
cytokine responses N = 162 N = 596 N = 112 N = 416

  CRP (mg/ml) 217 [131-339] 218 [130-324] 99 [67-178] 128 [66-223]

  IL-6 (pg/ml) 58.73 [21.51-150.16] 71.79 [25.55-276.5] 40.26 [13.5-98.8] 38.48 [14.69-118.17]

  IL-8 (pg/ml) 67.78 [30.39-144.82] 77.47 [28.09-222.48] 55.25 [25.57] 62.43 [21.53-160.71]

  IL-10 (pg/ml) 6.99 [3.19-13.91] 6.87 [2.86-21.56] 4.45 [2.29-15.48] 5.06 [2.32-12.64]

  MMP-8 (ng/mL) 2.36 [0.67-6.61] 2.37 [0.86-8.12] 1.23 [0.47-3.35] 1.55 [0.58-5.03]

Procoagulang 
response
  D-dimer (µg/ml) 8.26 [3.15-16.95] 9.74 [4.61-17.96] 9.30 [5.68-16.25] 10.62 [5.26-19.22]

  Prothrombin time 15.2 [12.8-17.9] 14.7 [12.5-17.2] 14.6 [12.6-16.3] 13.9 [11.9-15.8]

  aPTT 40.5 [31-57.8] 39.0 [32-50] 37 [30-50.8] 37.0 [28-48]

  Protein C (ng/ml) 118.48 
[88.39-158.8]

122.04 
[89.61-160.87]

133.71 
[99.42-167.59]

130.69 
[91.27-186.12]

  Antithrombin (ng/ml) 731.15 [448.65-
1159.25]

694.86 [438.27-
1033.33]

825.12 [617.24-
1284.92]

853.37 [529.5-
1361.28]

Endothelial cell 
activation
  sE-Selectin (ng/ml) 9.18 [4.31-18.19] 9.25 [4.23-19.54] 8.12 [3.73-12.97] 7.72 [3.98-14.68]

  sICAM-1 (ng/ml) 208.76 
[113.4-331.8]

208.03 
[119.85-344.23]

232.86 
[138.45-356.67]

211.16 
[127.93-343.73]

  Fractalkine 27.87 [17.75-48.09] 24.07 [17.54-56.22] 29.82 [18.22-63.84] 27.08 [17.79-53.53]

  Ang-1 (ng/ml) 1.71 [0.76-4.26] 1.50 [0.74-3.5] 1.71 [0.65-3.82] 1.43 [0.62-3.57]

  Ang-2 (ng/ml) 7.78 [2.52-18.54] 8.33 [3.58-19.47] 6.60 [2.6-11.7] 5.82 [2.72-14.5]

Plasma levels on day 2 and 4 after intensive care unit admission. Results are presented as medians and 
interquartile ranges.
Abbreviations: CRP: C-reactive protein , IL: interleukin, MMP: matrix metalloproteinase, aPPT: activated partial 
thromboplastin time, sICAM: soluble intercellular adhesion molecule, ANG: angiopoietin.
† Bonferoni corrected p-values were not different between diabetes and non-diabetes patients on day 2 or day 4 
using a Mann-Whitney U test for non-parametric data.
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eTable 2. Baseline characteristics and outcome of sepsis patients with or without diabetes 
included in the whole genome wide expression analysis.

Diabetes No diabetes P value 
Patients 108 382
Demographics
Age, mean (SD) 67.0 (11.6) 60.5 (15.3) <.0001
Gender male, n (%) 61 (56.5%) 223 (58.4%) 0.73
BMI mean (SD) 28.7 (8.1) 25.5 (5.8) <.001
Race, white, n (%) 93 (86.1%) 329 (86.1%) 0.76
Medical admission, n (%) 85 (78.7%) 270 (70.7%) 0.12
Chronic comorbidity, n (%)

Cardiovascular compromise 44 (40.7%) 55 (14.4%) <.001
COPD 17 (15.7%) 51 (13.4%) 0.55
Hypertension 54 (50.0%) 89 (23.3%) <.001
Malignancy 25 (23.1%) 90 (23.6%) >.99
Renal insufficiency 24 (22.2%) 49 (12.8%) 0.02
Modified Charlson comorbidity index* 5 [3-6] 4 [2-5] 0.0001

Diabetic medication, n (%)
Insulin 57 (52.8%) -
Metformin 55 (50.9%) -
Glimepiride 10 (9.3%) -
Glibenclamide 10 (9.3%) -
Gliclazide 3 (2.8%) -
Tolbutamide 8 (7.4%) -

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 82 [65-101] 81 [65-100] 0.63
APACHE APS, median [IQR] 66 [50-84] 67 [53-85] 0.59
SOFA score, median [IQR] 7 [5-9] 7 [5-10] 0.97
Mechanical ventilation, n (%) 71 (65.7%) 278 (72.8%) 0.18
Organ failure, n (%) 91 (84.3%) 322 (84.3%) 0.82
Shock, n (%) 39 (36.1%) 140 (36.6%) >.99
Acute kidney injury, n (%) 44 (40.7%) 135 (35.3%) 0.29
Acute lung injury, n (%) 34 (31.5%) 111 (29.1%) 0.66
Acute myocardial infarction, n (%) 2 (1.9%) 5 (1.3%) >.99

Outcome
ICU Length of stay (days), median [IQR] 4 [2-10] 5 [2-10] 0.58
Hospital length of stay (days), median [IQR] 21 [11-44] 23 [13-47] 0.23
Complications, n (%)

None 88 (81.5%) 304 (79.6%) 0.70



ASSOCIATION OF DIABETES AND DIABETES TREATMENT WITH  
THE HOST RESPONSE IN CRITICALLY ILL SEPSIS PATIENTS

153

Ch
ap

te
r 5

Diabetes No diabetes P value 
Patients 108 382
Demographics

Acute kidney injury 13 (12.0%) 31 (8.1%) 0.25
Acute lung injury 3 (2.8%) 19 (5.0%) 0.43
ICU-acquired weakness 8 (7.4%) 35 (9.2%) 0.69
Acute myocardial infarction - 3 (0.8%) 0.60
ICU-acquired infection 9 (8.3%) 38 (9.9%) 0.73

Mortality, n (%)
ICU 20 (18.5%) 76 (19.9%) 0.79
Hospital 35 (32.4%) 117 (30.6%) 0.80
Day 30 30 (27.8%) 103 (27.0%) 0.90
Day 60 42 (38.9%) 118 (30.9%) 0.13
Day 90 44 (40.7%) 133 (34.8%) 0.25

* Modified Charlson is calculated without the contribution of diabetes.
Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; APS: Acute Physiology Score; BMI: 
Body Mass Index; COPD: Chronic Obstructive Pulmonary Disease; ICU: Intensive Care Unit.

eFigure 1. Blood leukocyte genomic response in diabetic sepsis patients discordant for insulin or 
metformin treatment. 

Dot plots integrating log2-transformed foldchanges of (A) insulin treated versus no insulin treatment, and, (B) 
metformin treated versus no metformin treated diabetic sepsis patient samples. Rho, Spearman’s correlation 
coefficient.

Diabetes No diabetes P value 
Patients 108 382





6.
Admission hyperglycemia in critically ill sepsis patients: 

association with outcome and host response.

Lonneke A. van Vught, Maryse A. Wiewel, Peter M.C. Klein Klouwenberg,  
Arie J. Hoogendijk, Brendon P. Scicluna, David S.Y. Ong, Olaf L. Cremer, Janneke Horn, 

Marc M.J. Bonten, PhD, Marcus J. Schultz, and Tom van der Poll,  
on behalf of the MARS consortium*

* A full list of members of the MARS consortium can be found  
before the beginning of the references.

Critical Care Medicine. 2016;44(7):1338-1346.



CHAPTER 6

156

Abstract
Objectives: To investigate whether admission hyperglycemia is associated with the 
presentation and/or outcome of sepsis, what the influence of hyperglycemia is on key host 
responses to sepsis, and whether hyperglycemia differentially affects patients with diabetes 
mellitus. 
Design and Setting: A substudy of a prospective observational cohort study was conducted 
in the intensive care of two tertiary hospitals between January 2011 and July 2013.
Patients: Of all consecutive critically ill sepsis patients admission glucose was used to stratify 
patients in euglycemia (71-140 mg/dL), mild hyperglycemia (141-199 mg/dL), and severe 
hyperglycemia (≥200 mg/dL), and patients with hypoglycemia were excluded. Fifteen plasma 
biomarkers providing insight in key host responses implicated in sepsis pathogenesis were 
measured on admission.
Measurements and Main Results: Of 985 sepsis patients with admission glucose levels 
greater than 70 mg/dL, 519 (52.6%) had normal glucose levels, 267 (27.1%) had mild and 
199 (20.2%) severe hyperglycemia. Admission hyperglycemia was accompanied by mitigated 
alterations in plasma host response biomarker levels indicative of activation of the cytokine 
network, the vascular endothelium, and the coagulation system in patients without a history 
of diabetes. Severe, but not mild, admission hyperglycemia was associated with increased 
30-day mortality (adjusted hazard ratio 1.66 [95% confidence intervals (CI) 1.24-2.23]), in both 
patients without diabetes (adjusted hazard ratio 1.65 [95% CI 1.12-2.42]) and with diabetes 
(adjusted hazard ratio 1.91 [95% CI 1.01-3.62]). 
Conclusion: Admission hyperglycemia is associated with adverse outcome of sepsis 
irrespective of the presence or absence of preexisting diabetes by a mechanism unrelated to 
exaggerated inflammation or coagulation. 
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Introduction
Hyperglycemia is common and often multifactorial in critically ill patients. Severe 
hyperglycemia can result in endothelial dysfunction, cytokine release, platelet activation, 
mitochondrial dysfunction and electrolyte and acid base disturbances1 and has been 
associated with an adverse outcome in a variety of settings in patients without a history of 
diabetes; this association has not been demonstrated in diabetes patients2-6. In patients with 
sepsis, hyperglycemia is common and related to disease severity7. Several studies reported an 
association between high glucose levels during hospital or ICU stay and mortality in critically 
ill patients in general5,8-10 and in sepsis patients in particular2,11-15. However, investigations 
on the impact of admission hyperglycemia on sepsis outcome are scarce, especially in the 
context of severe disease requiring ICU admittance. Knowledge of whether hyperglycemia 
adversely affects the host response during sepsis in ICU patients is limited. 
We performed a prospective observational study in 985 consecutive sepsis patients 
admitted to the ICU, with the following objectives: (1) to investigate the association between 
hyperglycemia on ICU admission and the presentation and/or outcome of sepsis, (2) to 
provide insight in the effect of admission hyperglycemia on key host responses implicated in 
the pathogenesis of sepsis, and (3) to determine whether the association between admission 
hyperglycemia and sepsis outcome and host response is influenced by a history of diabetes. 

Research design, materials and methods 

Study design, setting and patient identification 
This study was conducted as a sub-study of the “Molecular Diagnosis and Risk Stratification 
of Sepsis” (MARS) project, a prospective observational cohort study in mixed ICUs of two 
tertiary teaching hospitals (Academic Medical Center in Amsterdam and University Medical 
Center in Utrecht) (ClinicalTrials.gov identifier NCT01905033)16. All patients above 18 years 
of age with an expected length of stay longer than 24 hours were included via an opt-out 
method approved by the medical ethical committees of both hospitals. For every admitted 
patient, the plausibility of an infection was retrospectively assessed using a four-point scale 
(ascending from none, possible, probable to definite) using Center for Disease Control and 
Prevention17 and International Sepsis Forum consensus definitions18, using all clinical, 
radiological and microbiological data16. Interobserver agreement was excellent, and in case 
of doubt consensus was reached by team decision16. For the current analysis, all consecutive 
patients admitted between January 2011 and July 2013 with sepsis diagnosed within 
24 hours after ICU admission and defined as the presence of infection with a probable or 
definite likelihood, accompanied by at least one additional variable as described in the 2001 
International Sepsis Definitions Conference19, were included. Patients transferred from other 
ICUs, readmitted to the same ICU, or admitted with primary or secondary Acute Physiolofy 
and Chronic Health Evaluation IV admission diagnosis of diabetic ketoacidosis were excluded. 
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A preliminary analysis of the current data was presented during the International Symposium 
on Intensive Care and Emergency Medicine 201520. 

Variables 
The first glucose measurement within a time window of 4 hours before and up to 4 hours 
after ICU admission was used as admission glucose and categorized in euglycemia (71-140 
mg/dL, 3.9-7.8 mmol/L), mild hyperglycemia (141-199 mg/dL, 7.9-11.0 mmol/L) or severe 
hyperglycemia (≥200 mg/dL, ≥11.1 mmol/L). Organ failures and comorbidities were defined 
as described in the Supplement. Physiological measurements, vital signs and severity 
scores (including Sequential Organ Failure Assessment (SOFA) scores) were conducted daily. 
Diabetes mellitus was defined as a known history of type 1 or type 2 diabetes prior to ICU 
admission or by the use of oral antidiabetic medication or insulin as chronic medication. 

Sample collection and assays 
See the Supplement.
 
Statistical analysis
All categorical variables are presented as numbers (percentages), parametric quantitative 
variables as means ± standard deviation (SD), and nonparametric quantitative variables as 
median and interquartile ranges (IQRs). A Mann-Whitney U or a Kruskal-Wallis test was used 
to analyze continuous nonparametric data; continuous parametric data were analyzed using 
a student’s t test or analysis of variance when appropriate. Categorical data were analyzed by 
chi-square test. In case of overall statistical significance, post hoc testing was performed using 
a Dunn's test of multiple comparisons using rank sums. A multivariable Cox proportional 
hazard model was used to determine the association of admission hyperglycemia with 
mortality by day 30. The covariates univariately associated with 30-day mortality; age, body 
mass index (BMI), modified Charlson comorbidity index21 (without the effect of diabetes or 
age), and shock on ICU admission were used in this model. Biomarker data were analyzed as 
described in the Supplement. All data were analyzed using R version 3.0.2 (Vienna, Austria). P 
< 0.05 was considered to indicate statistical significance.

Results 

Patients
The study encompassed 1483 ICU admissions for sepsis with a probable or definite 
infection likelihood (eFigure 1 in the Supplement). In total, 250 admissions (16.9%) were 
readmissions, 164 patients (11.1%) were transferred from other ICUs and two admissions 
were for ketoacidosis. Of the remaining 1067 patients, the first glucose measurement of 1045 
patients (97.9%) was conducted within the time window of 4 hours prior and 4 hours after 
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ICU admission; of these, 60 patients had an admission glucose level ≤ 70 mg/dL. The median 
time of the first glucose measurement was -1 hour [IQR -2 – 0h] relative to ICU admission.  
Of all sepsis patients with an admission glucose level greater than 70 mg/dL, half was 
euglycemic (519 patients, 52.7%), and 267 patients (27.1%) were admitted with mild (141-199 
mg/dL) and 199 (20.2%) with severe hyperglycemia (≥200 mg/dL). Patients with mild and 
severe hyperglycemia were older than patients with normal blood glucose levels (Dunn’s 
post hoc P < 0.01 and P <0.01 respectively), had higher BMI’s (Dunn’s post hoc P < 0.01 and 
P <0.01 respectively), and had more chronic comorbidities (Table 1). A medical history of 
diabetes increased in patients admitted with higher glucose levels on ICU admission (10.8% 
in euglycemia versus 21.0% in mild and 53.7% in severe hyperglycemia, post hoc P <0.01 for 
all comparisons). In 25.0% of patients without known diabetes HbA1C levels were available. 
In this subgroup, the majority of patients had normal HbA1C levels (<6.5%); in patients with 
abnormal HbA1C levels according to World Health Organization criteria22, HbA1C was only 
modestly elevated (eTable 1 in the Supplement), indicating that some of these patients 
already may have had unrecognized mild diabetes prior to ICU admission.

Table 1: Baseline characteristics of patients admitted with sepsis stratified according to admission 
glucose levels.

All patients Euglycemia Mild hyper-
glycemia

Severe hy-
perglycemia

Overall
P value 

Patients 985 519 (52.7%) 267 (27.1%) 199 (20.2%)

Demographics

Age, mean (SD) 61.7 (14.6) 59.8 (15.7) 63.3 (13.0)* 64.3 (12.9)* 0.0001

Gender, male (%) 600 (60.9%) 309 (59.5%) 165 (61.8%) 126 (63.3%) 0.62

Body mass index, mean (SD) 26.1 (6.3) 25.4 (6.4) 26.8 (6.0)* 26.9 (6.2)* <0.01

Race, white (%) 870 (88.3%) 455 (87.7%) 240 (89.9%) 175 (87.9%) 0.86

Admission type, medical (%) 722 (73.3%) 348 (67.1%) 203 (76.0%)* 171 (85.9%)*, † <0.001

Chronic comorbidity

None 247 (25.1%) 147 (28.3%) 66 (24.7%) 34 (17.1%)* 0.01

Cardiovascular compromise 243 (24.7%) 113 (21.8%) 63 (23.6%) 67 (33.7%)*,† <0.01

COPD 146 (14.8%) 65 (12.5%) 49 (18.4%) 32 (16.1%) 0.09

Diabetes 218 (22.1%) 56 (10.8%) 56 (21.0%)* 106 (53.3%)*,† <0.001

Hypertension 316 (32.1%) 151 (29.1%) 86 (32.2%) 79 (39.7%)* 0.03

Immunocompromise 248 (25.2%) 126 (24.3%) 65 (24.3%) 57 (28.6%) 0.44

Malignancy 251 (25.5%) 142 (27.4%) 59 (21.1%) 50 (25.1%) 0.28

Renal insufficiency 147 (14.9%) 76 (14.6%) 30 (11.2%) 41 (20.6%)† 0.02

Respiratory insufficiency 174 (17.7%) 76 (14.6%) 57 (21.3%) 41 (20.6%) 0.03

Charlson comorbidity index 4 [3-6] 4 [2-6] 4 [3-6]* 5 [3-7]*,† <0.0001



CHAPTER 6

160

All patients Euglycemia Mild hyper-
glycemia

Severe hy-
perglycemia

Overall
P value 

Patients 985 519 (52.7%) 267 (27.1%) 199 (20.2%)

Severity of disease on admission

SOFA score, median [IQR] 7 [5-9] 7 [5-10] 7 [4-9] 7 [5-9] 0.07

Organ failure (%) 827 (84.0%) 433 (83.4%) 227 (85.0%) 167 (83.9%) 0.97

Shock (%) 321 (32.9%) 190 (36.6%) 72 (27.0%)* 59 (29.4%) 0.02

Acute kidney injury (%) 352 (35.7%) 191 (36.8%) 81 (30.3%) 80 (40.2%) 0.07

Acute lung injury (%) 244 (24.8%) 120 (23.1%) 70 (26.2%) 54 (27.1%) 0.45

Course

Length of stay, median days [IQR] 4 [2-10] 4 [2-10] 5 [2-9] 4 [2-10] 0.46

ICU-acquired complications (%)

None 810 (82.0%) 429 (82.7%) 223 (84.0%) 156 (78.4%) 0.29

Acute kidney injury 86 (8.7%) 36 (6.9%) 24 (9.0%) 26 (13.1%)* 0.03

Acute lung injury 45 (4.6%) 26 (5.0%) 10 (3.7%) 9 (4.5%) 0.72

ICU-acquired infection 95 (9.6%) 57 (11.0%) 20 (7.5%) 18 (9.0%) 0.29

Acute myocardial infarction 10 (1.0%) 2 (0.4%) 2 (0.7%) 6 (3.0%)*,† 0.01

Outcome

ICU mortality (%) 196 (19.9%) 92 (17.7%) 53 (19.9%) 51 (25.6%) 0.06

Hospital mortality (%) 303 (30.8%) 156 (30.1%) 72 (27.0%) 75 (37.7%)† 0.04

30 day mortality (%)a 267a (27.1%) 126 (24.3%) 65 (24.3%) 76 (38.2%)*,† <0.001

*P<0.05 versus euglycemia using a Dunn’s Test of Multiple Comparisons Using Rank Sums.
† P<0.05 versus mild hyperglycemia using a Dunn’s Test of Multiple Comparisons Using Rank Sums.
a 11 patients were lost to follow up for 30 day mortality.
Overall p values are p values generated to identify differences between the three groups by using an analysis of 
variance, a Kruskal-Wallis or a chi square test).
Abbreviations: COPD, chronic obstructive pulmonary disease; SOFA sequential organ failure assessment.

At baseline the proportion of patients with organ failure was similar in the three groups (Table 
1), irrespective of the presence of preexisting diabetes (eTable 2 in the Supplement). Shock on 
ICU admission was significantly more present in patients admitted with normal glucose levels 
compared to patients with mild hyperglycemia (post hoc P < 0.01; Table 1); this association 
was only present in patients without a history of diabetes (eTable 2 in the Supplement). 

Source of infection and causative organisms 
Admission diagnoses were largely similar between groups, except for abdominal sepsis, which 
was more prevalent in patients with normal glucose levels, and aspiration pneumonia, which 
was more prevalent in patients with severe hyperglycemia (eTable 3 in the Supplement). 
The distribution of causative pathogens was not different between groups (eTable 3 in 
the Supplement).
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Sepsis course and outcome
ICU lengths of stay were similar between groups (Table 1), and preexisting diabetes had 
no impact hereon (eTable 4 in the Supplement). Patients with severe hyperglycemia were 
more susceptible to develop acute kidney injury and acute myocardial infarction while 
on the ICU compared to patients with normal blood glucose levels at ICU admission (post 
hoc P = 0.02 and P <0.01 respectively) (Table 1). The association between severe admission 
hyperglycemia and acute kidney injury and acute myocardial infarction was only present in 
patients without a history of diabetes (eTable 4 in the Supplement). Diabetic patients with 
severe hyperglycemia less often developed acute lung injury (post hoc P < 0.01; eTable 4 in 
the Supplement).  
Crude 30-day mortality was significantly higher in patients with severe hyperglycemia 
compared to euglycemic patients; mild hyperglycemia was not associated with increased 
mortality at day 30 (Table 1 and Figure 1). In a multivariable Cox regression analysis, patients 
with severe, but not mild, hyperglycemia showed an increased risk for mortality by day 30 
compared to patients with euglycemia (hazard ratio’s (HR) with 95% confidence intervals 
(CI) 1.66 [1.24-2.23] for severe hyperglycemia versus euglycemia, and 1.07 [95% CI 0.79-1.45] 
for mild hyperglycemia versus euglycemia). In total, 41 cases (4.2%) were excluded from this 
analysis because of missing BMI data. The negative effect of severe admission hyperglycemia 
on 30-day mortality was present in both patients without and with known diabetes (e Figure 
2 in the Supplement; HR 1.91 [95% CI 1.01-3.62] in patients without known diabetes and 1.65 
[95% CI 1.12-2.42] with known diabetes). Consistent with previous reports23-29, pre-existing 
diabetes per se (i.e., irrespective of admission glucose levels) did not influence crude 30-day 
mortality (30.3% versus 26.2% in patients without known diabetes, P = 0.27).

Figure 1: Thirty-day Kaplan Meier survival plots of sepsis patients stratified according to 
admission glucose levels.
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A recent study has suggested that stress hyperlactatemia modifies the relationship between 
hyperglycemia and mortality in critically ill patients30. In our cohort, lactate was measured 
during the first 24 hours after ICU admission in 79.0% of all patients (78.9% of diabetes patients 
and 79.0% of patients without known diabetes). When corrected for the highest lactate in the 
first 24 hours, hyperglycemia remained significantly associated with increased mortality in 
the overall cohort (HR 1.52 [95% CI 1.10-2.10]) and in diabetes patients (HR 2.27 [95% CI 1.13-
4.61]), whereas in patients without diabetes hyperglycemia was no longer associated with 
mortality (HR 1.43 [95% CI 0.94-2.18]). In a second subgroup analysis including only patients 
without a medical history of malignancy (n = 733, of whom 164 with known diabetes and 
569 without known diabetes), severe hyperglycemia was associated with increased 30-day 
mortality in all patients (HR 1.55 [95% CI 1.08-2.22]) and in patients without known diabetes 
(HR 1.63 [95% CI 1.03-2.58]); in patients with known diabetes, however, this association was 
not significant (HR 1.42 [ 95% CI 0.68-2.95]). 

Host response
As expected31, sepsis patients displayed an increased acute phase protein response 
(elevated plasma C-reactive protein (CRP)) (Figure 2), and a profound activation of the 
cytokine network (elevated plasma interleukin (IL)-6, IL-8 and IL-10) (Figure 2), the vascular 
endothelium (elevated plasma soluble E-selectin, soluble intracellular adhesion molecule  
(ICAM)-1 and angiopoietin-2, and reduced angiopoietin-1) (Figure 3), and the coagulation 
system (elevated D-dimer, reduced protein C and antithrombin) (Figure 4). Remarkably, in 
patients admitted with hyperglycemia, most of these characteristic sepsis responses were 
attenuated. Specifically, relative to euglycemia, mild hyperglycemia was associated with 
diminished increases in IL-6, IL-8 and IL-10, and a blunted decline in protein C, whereas severe 
hyperglycemia was associated with attenuated rises in CRP and IL-6 and a reduced drop in 
antithrombin and protein C. The effect of hyperglycemia on these host response biomarkers 
was only present in patients without a known history of diabetes. Tumor necrosis factor-α, 
interferon-γ, IL-1β and IL-13 were undetectable or very low and not different between groups 
(data not shown).
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Figure 2. Acute phase response and cytokine levels in sepsis patients on ICU admission stratified 
according to glucose levels.  

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. DM; diabetes mellitus. CRP; C-reactive protein. IL; interleukin 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Figure 3. Endothelial cell activation markers in sepsis patients on ICU admission stratified 
according to glucose levels. 

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. DM; diabetes mellitus. ICAM; intercellular adhesion molecule
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Figure 4. Coagulation markers in sepsis patients on ICU admission stratified according to glucose 
levels. 

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. DM, diabetes mellitus. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.

Discussion 
In this study, we found that severe hyperglycemia on admission, defined as a plasma glucose 
concentration of 200 mg/dL (11.1 mmol/L) or higher, was independently associated with an 
increased mortality by day 30 in patients admitted with sepsis. This association with adverse 
outcome was present in patients with and without a known history of diabetes, and not 
related to a more severe presentation of sepsis on admission. Measurements of 15 plasma 
biomarkers reflecting key host responses to sepsis indicated that hyperglycemia is not 
associated with exaggerated inflammation or enhanced endothelial cell and/or coagulation 
activation.  
Most investigations on the impact of hyperglycemia on the outcome of sepsis studied glucose 
levels during hospital or ICU stay, rather than first admission glucose concentrations11-15. 
Because elevated glucose levels are managed with insulin32, these studies primarily 
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determined the effect of glucose control in patients with sepsis. We here focused on the 
first glucose measured in plasma obtained shortly before or after ICU admission, thereby 
seeking to reduce treatment effects. Consistent with the present investigation, an earlier 
study reported a higher mortality rate among patients with severe sepsis who had a plasma 
glucose concentration greater than 200 mg/dL on admission compared to those patients 
with glucose concentrations less than or equal to 200 mg/dL2. In this earlier investigation, 
high admission glucose was associated with increased mortality in patients without a 
known history of diabetes only2. This previous study2 differed from the present investigation 
especially with regard to restrictive inclusion and exclusion criteria. Likely related to this, in 
the present study the proportion of patients admitted with septic shock was 32.5%, versus 
71.7% in the previous investigation. In another study, nondiabetic patients presenting with 
suspected infection to the emergency department with initial glucose levels greater than 
200 mg/dL had higher mortality rates than patients with lower glucose concentrations; this 
association was not present in diabetes patients25. Likewise, this study is difficult to compare 
with ours since only 57.5% of patients had sepsis and mortality was low (4.3%)25. Together 
these data suggest that severe hyperglycemia on presentation and/or admission for sepsis 
is consistently associated with increased mortality in patients without known diabetes, 
whereas its influence on the outcome of diabetes patients depends on the clinical setting 
and severity of disease. 
Patients with severe hyperglycemia did not have more severe disease on admission, as 
indicated by SOFA scores and the proportion presenting with organ failure. Patients with 
normal admission glucose levels more often presented with septic shock, which could be 
a reflection of the increased number of abdominal sepsis patients in this group, which was 
associated with more shock on ICU admission (data not shown). Severe hyperglycemia 
on admission was associated with an increased incidence of de novo acute kidney injury 
and acute myocardial infarction during ICU stay in nondiabetic patients. In accordance, 
hyperglycemia has been identified as a risk factor for acute myocardial infarction and acute 
kidney injury in other acute illnesses33-36. Although these complications might have contributed 
to an adverse outcome in nondiabetic patients, they were not observed in hyperglycemic 
diabetes patients. Diabetes patients with severe hyperglycemia less often developed acute 
lung injury; previous studies reported a reduced incidence of acute lung injury in patients 
with diabetes without taking glucose levels into account29,37. Overall, the occurrence of ICU-
acquired complications unlikely provides a uniform explanation of the augmented mortality 
in diabetic and nondiabetic patients with severe admission hyperglycemia. When corrected 
for admission lactate levels, hyperglycemia was not associated with increased mortality in 
nondiabetes patients, an observation previously described for all critically ill patients (not 
analyzed per diabetes status)30. However, this finding should be interpreted with caution; 
because our study was not designed to analyze the relation between lactate and glucose, 
admission lactate was missing in more than 20% of patients, and lactate and glucose were 
not determined concurrently. 
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We measured 15 plasma biomarkers indicative of key host responses to sepsis in an 
additional attempt to reveal a mechanism by which severe hyperglycemia might affect 
mortality. We hypothesized that hyperglycemia would further deteriorate the deregulated 
activation of inflammatory and procoagulant pathways in patients with sepsis. Indeed, 
hyperglycemia has been associated with increased cytokine production in septic patients13,38. 
In addition, acute hyperglycemia enhanced the endotoxin-induced procoagulant response 
in healthy humans39-41 and evidence suggests a common stimulatory effect of acute and 
chronic hyperglycemia on the coagulation system42. Remarkably, we here found a blunted 
acute phase protein and cytokine response, and attenuated reductions in the anticoagulant 
proteins protein C and antithrombin in patients with admission hyperglycemia, suggesting 
that hyperglycemia may partially reverse the derailed host response during sepsis. In line, 
endothelial cell activation was partially inhibited in patients with hyperglycemia when 
compared to patients with normal admission glucose levels. Notably, some investigations 
have indicated that hyperglycemia indeed may inhibit inflammatory responses, i.e., healthy, 
nondiabetic individuals with increased glucose concentrations showed a decreased 
responsiveness of whole blood leukocytes after ex-vivo stimulation with endotoxin43,44, and 
hyperglycemia inhibited innate immune response in various conditions45. Importantly, in 
the current study the associations between admission hyperglycemia with host response 
biomarkers were only present in patients without known diabetes. Together these data 
suggest that hyperglycemia is associated with adverse outcome of sepsis by a mechanism 
unrelated to exaggerated inflammation, coagulation or endothelial cell activation. 
Our study has strengths and limitations. This is the first study on the association between 
glucose on presentation and outcome of sepsis in patients admitted to a mixed ICU, and the 
first in which insight is given in the association between admission glucose concentrations 
and the host response. Although we sought to exclude the influence of interventions on 
glucose levels by using the first glucose measurement and excluding patients transferred from 
other ICUs, we cannot exclude with certainty that patients may have received interventions 
prior to ICU admission affecting glucose levels, such as intravenous fluids, steroids and/
or catecholamines. Because diabetes was only noted when a patient was admitted with a 
history of diabetes or the use of antidiabetic medication, the possibility of patients admitted 
with severe hyperglycemia as a result of new onset diabetes could not be excluded. Indeed, 
HbA1C levels measured in a subgroup of patients without known diabetes revealed that some 
(6.8%) may have had mild unrecognized diabetes prior to ICU admission, confirming previous 
studies that found 5.5%46 or 9.3%47 of critically ill patients had HbA1C levels above normal. 
Knowledge of previous hyperglycemia is important since it has recently been reported that 
chronic hyperglycemia, rather than diabetes per se, modifies the relationship between acute 
hyperglycemia and outcome46,48. Other investigations reporting on the association between 
preexisting diabetes and outcome of critically ill patients did not report HbA1C levels in 
those without a known history of diabetes2,25,27,49,50, and like our study could have partially 



CHAPTER 6

168

failed to account for the degree of chronic hyperglycemia. In addition, in patients with known 
diabetes we did not have information about prior disease management and complications. 

Conclusion
Severe hyperglycemia on ICU admission is associated with increased mortality by day 30 
in both diabetic and nondiabetic patients by a mechanism unrelated to exaggerated 
inflammation, coagulation or endothelial cell activation. 
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Methods

Variables
Glucose boundaries used to stratify patients into euglycemic, mild hyperglycemic and severe 
hyperglycemic were determined a priori. The glucose cut-off of 140 mg/dL was based on 
the Surviving Sepsis Campaign guidelines1, the recommendations of the American Diabetes 
Association and previous work2-4; the glucose threshold of 200 mg/dL was based on previous 
studies5-7 including one by our group8. When glucose measurements were unknown or out of 
time range, patients were excluded from analysis.

Definitions
Specific organ failures were defined as a SOFA score of ≥3, except for cardiovascular failure 
for which a score of ≥1 was used (central nervous system was excluded)9. Shock was defined 
by the use of vasopressors (noradrenaline) for hypotension in a dose of >0.1mcg/kg/min 
during at least 50% of the ICU day. ICU-acquired complications, such as acute kidney injury 
(AKI) and acute lung injury (ALI), were defined as a complication that started 2 days or more 
after ICU admission and were assessed using strict pre-set criteria10,11. Immunocompromise 
was defined as a medical history of immune deficiency, HIV or AIDS, or by the use of 
corticosteroids or antineoplastic medication prior to ICU admission as chronic medication. 
Patients were marked to have cardiovascular insufficiency whenever they had a medical 
history of congestive heart failure, chronic cardiovascular disease, peripheral vascular disease 
or cerebrovascular disease. Malignancy was defined as a medical history of either non-
metastatic solid tumor, metastatic malignancy or hematologic malignancy. Patients with a 
history of chronic renal insufficiency or with chronic intermitted hemodialysis or continuous 
ambulatory peritoneal dialysis were marked as renal insufficient, whereas respiratory 
insufficiency were all patients with chronic obstructive pulmonary disease or respiratory 
insufficiency in the medical history. Myocardial ischemia was defined as a typical rise and fall 
of troponin or creatinine kinase-myocardial band (CK-MB), plus at least one of the following: 
chest pain or other clinical correlates of myocardial ischemia, ST depression or elevation 
of electrocardiogram (ECG), new left bundle branch block (LBBB) or new pathological 
Q-waves on ECG, or findings of significant coronary artery disease or new culprit lesion on 
percutaneous transluminal coronary angioplasty (PTCA). The national Municipal Personal 
Records Database was consulted to determine survival up to one year after ICU admission.

Sample collection and assays
Daily (on admission and at 6 AM thereafter) left-over plasma harvested from blood obtained for 
regular patient care was kept at 4oC and subsequently stored within 4 hours after blood draw 
at -80oC. Measurements were done in EDTA anti-coagulated plasma obtained on admission. 
Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, interferon (IFN)-γ, 
soluble intercellular adhesion molecule (ICAM)-1 and soluble E-selectin were measured by 
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FlexSet cytometric bead array (BD Biosciences, San Jose, CA) using FACS Calibur (Becton 
Dickenson, Franklin Lakes, NJ). Angiopoietin-1, angiopoietin-2, protein C, antithrombin (all 
R&D systems, Abingdon, UK) and D-dimer (Procartaplex, eBioscience, San Diego, CA) were 
measured by Luminex multiplex assay using BioPlex 200 (BioRad, Hercules, CA). All assays 
were done once. The Luminex Performance assays have less than 15% intra-assay, and less 
than 17% inter-assay variability. The specific coefficient of variation of the D-dimer assay is 
6,6%. C-reactive protein (CRP) was determined as part of patient care (immunoturbidimetric 
assay from Roche Diagnostics, Almere, the Netherlands). Normal biomarker values were 
acquired from EDTA plasma from 27 age- and gender-matched healthy volunteers, from 
whom written informed consent was obtained. 

Statistical analysis of biomarker data
Biomarker data was first checked for parametric distribution using histogram plots. Since 
these data were not normally distributed a Kruskall Wallis test was used to analyze non-
parametric data. In case of overall statistical significance, post hoc testing was performed 
using a Dunn's test of multiple comparisons using rank sums. Biomarkers were transformed 
to their ten log scale for plotting purposes. 

eTable 1. HbA1C levels in patients without known diabetes.

HbA1C Euglycemia Mild hyperglycemia Severe hyperglycemia
Proportion measured 119/463 (25.7%) 50/211 (23.7%) 23/93 (24.7%)
Abnormal value (≥ 6.5%) 5/119 (4.2%) 3/50 (6.0%) 5/23 (21.7%)
Median value with inter-
quartile ranges in those 
with an abnormal value

6.6 [6.5-6.7] 6.7% [6.7-6.8] 7.2 [6.8-7.6]
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eTable 2: Baseline characteristics of patients with and without a history of diabetes admitted with 
sepsis stratified according to admission glucose levels.

No diabetes mellitus n = 767 (77.9%)

Euglycemia Mild hyper- 
glycemia

Severe hyper-
glycemia

Overall
P value

Patients 463 (60.3%) 211 (27.5%) 93 (12.1%)
Age, mean (SD) 59.1 (15.7) 62.4 (13.6) 62.6 (13.9) <0.01
Gender, male (%) 279 (60.3%) 132 (62.6%) 58 (62.4%) 0.82
Body mass index, mean (SD) 24.9 (5.6) 26.2 (5.5) 24.7 (3.5) <0.001
Race, white (%) 409 (88.3%) 192 (91.0%) 84 (90.3%) 0.72
Admission type, medical (%) 309 (66.7%) 165 (78.2%) 79 (84.9%) <0.001
Severity of disease on admission

SOFA score, median [IQR] 7 [5-10] 7 [4-8]* 7 [5-9] 0.05
Organ failure (%) 386 (83.4%) 179 (84.8%) 78 (83.9%) 1.00
Shock (%) 170 (36.7%) 51 (24.2%)* 30 (32.3%) 0.01
Acute kidney injury (%) 168 (36.3%) 58 (27.5%) 37 (39.8%) 0.05
Acute lung injury (%) 109 (23.5%) 58 (27.5%) 21 (22.6%) 0.47

Diabetes mellitus n = 218 (22.1%)

Euglycemia Mild hyper-
glycemia

Severe hyper-
glycemia

Overall
P value

Patients 56 (25.7%) 56 (25.7%) 106 (48.6%)
Age, mean (SD) 65.6 (13.8) 66.6 (9.5) 65.9 (11.8) 0.87
Gender, male (%) 30 (53.6%) 33 (58.9%) 68 (64.2%) 0.43
Body mass index, mean (SD) 30.1 (9.6) 29.0 (7.1) 28.7 (7.3) 0.64
Race, white (%) 46 (82.1%) 48 (85.7%) 91 (85.8%) 0.97
Admission type, medical (%) 39 (69.9%) 38 (67.9%) 92 (86.8%)*,† 0.01
Severity of disease on admission

SOFA score, median [IQR] 8 [6-9] 7 [5-9] 7 [6-9] 0.96
Organ failure (%) 47 (83.9%) 48 (85.7%) 89 (84.0%) 0.38
Shock (%) 20 (35.7%) 21 (37.5%) 29 (27.4%) 0.31
Acute kidney injury (%) 23 (41.1%) 23 (41.1%) 43 (40.6%) >.99
Acute lung injury (%) 11 (19.6%) 12 (21.4%) 33 (31.1%) 0.75

*P<0.05 versus euglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
† P<0.05 versus mild hyperglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
SOFA sequential organ failure assessment 
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eTable 3. Source of infection and causative pathogens in patients admitted with sepsis stratified 
according to admission glucose levels. 

All patients Euglycemia Mild hyperglycemia Severe hyperglycemia

Patients 985 519 (52.7%) 267 (27.1%) 199 (20.2%) P value

Admission diagnosis

Pulmonary tract 480 (48.7%) 237 (45.7%) 141 (52.8%) 102 (51.3%) 0.13

CAP 238 (24.2%) 124 (23.9%) 65 (24.3%) 49 (24.6%) 0.98

HAP 179 (18.2%) 85 (16.4%) 61 (22.8%) 33 (16.6%) 0.07

Aspiration 
pneumonia 44 (4.5%) 17 (3.3%) 8 (3.0%) 19 (9.5%)*,† <0.001

Lung abscess 19 (1.9%) 11 (2.1%) 7 (2.6%) 1 (0.5%) 0.25

Abdominal sepsis 214 (21.7%) 136 (26.2%) 47 (17.6%)* 31 (15.6%)* <0.01

Cardiovascular 136 (13.8%) 70 (13.5%) 41 (15.4%) 25 (12.6%) 0.63

Endocarditis 49 (5.0%) 25 (4.8%) 13 (4.9%) 11 (5.5%) 0.92

Mediastinitis 36 (3.7%) 21 (4.0%) 13 (4.9%) 2 (1.0%) 0.07

Bacteremia 29 (2.9%) 12 (2.3%) 9 (3.4%) 8 (4.0%) 0.43

CRBSI 19 (1.9%) 11 (2.1%) 4 (1.5%) 4 (2.0%) 0.82

Myocarditis 3 (0.3%) 1 (0.2%) 2 (0.7%) - 0.43

Urinary tract 114 (11.6%) 55 (10.6%) 29 (10.9%) 30 (15.1%) 0.22

Skin sepsis 41 (4.2%) 21 (4.0%) 9 (3.4%) 11 (5.5%) 0.51

Causative pathogens

Gram-positive 424 (43.0%) 230 (44.3%) 117 (43.8%) 77 (38.7%) 0.38

Gram-negative 513 (52.1%) 276 (53.2%) 137 (51.3%) 100 (50.3%) 0.75

Yeast/fungi 100 (10.2%) 50 (9.6%) 30 (11.2%) 20 (10.1%) 0.77

Virus 48 (4.9%) 23 (4.4%) 14 (5.2%) 11 (5.5%) 0.79

Other 66 (6.7%) 38 (7.3%) 17 (6.4%) 11 (5.5%) 0.68

Unknown 152 (15.4%) 86 (16.6%) 35 (13.1%) 31 (15.6%) 0.44

Abbreviations: CAP community acquired infection, HAP hospital acquired infection.
*P<0.05 versus euglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
† P<0.05 versus mild hyperglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
When multiple infections were registered, only the primary event was reported.
Multiple pathogens were assigned in 226 (22.9%) of all sepsis cases (euglycemia n=125 (24.0%), mild 
hyperglycemia n=59 (22.1%) and severe hyperglycemia n=42 (21.1%) p=0.65). Other pathogens contain 
anaerobic bacteria, polymicrobial or fecal flora.
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eTable 4. Course and outcome of sepsis stratified according to admission glucose levels in diabetic 
or non-diabetic patients. 

Non diabetes mellitus n = 767 (77.9%)

Euglycemia Mild hyper-
glycemia

Patients 463 (60.3%) 211 (27.5%) 93 (12.1%) P value
Course

Length of stay, median days [IQR] 4 [2-10] 5 [2-9] 5 [2-11] 0.15
ICU-acquired complications (%)

None 385 (83.2%) 176 (83.4%) 67 (72.0%)† 0.03
Acute kidney injury 29 (6.3%) 18 (8.5%) 15 (16.1%)*,† 0.01
Acute lung injury 20 (4.3%) 8 (3.8%) 8 (8.6%) 0.16
ICU-acquired infection 33 (7.1%) 13 (6.2%) 7 (7.5%) 0.07
Acute myocardial infarction 2 (0.4%) 2 (0.9%) 4 (4.3%)*,† 0.01

Outcome
ICU mortality (%) 83 (17.9%) 44 (20.9%) 24 (25.8%) 0.29
Hospital mortality (%) 138 (29.8%) 58 (27.5%) 37 (39.8%) 0.36
30 day mortality (%)a 113 (24.4%) 52 (24.6%) 36 (38.7%)*,† 0.07

Diabetes mellitus n = 218 (22.1%)

Euclycemia Mild hyper-
glycemia

Patients 56 (25.7%) 56 (25.7%) 106 (48.6%) P value
Course

Length of stay, median days [IQR] 5 [2-9] 5 [3-8] 3 [2-9]
0.29

ICU-acquired complications (%)
None 44 (78.6%) 47 (83.9%) 89 (84.0%) 0.70
Acute kidney injury 7 (12.5%) 6 (10.7%) 11 (10.4%) 0.96
Acute lung injury 6 (10.7%) 2 (3.6%) 1 (0.9%)* 0.02
ICU-acquired infection 6 (10.7%) 7 (12.5%) 5 (4.7%) 0.20
Acute myocardial infarction - - 2 (1.9%) 0.37

Outcome
ICU mortality (%) 9 (16.1%) 9 (16.1%) 27 (25.5%) 0.25
Hospital mortality (%) 18 (32.1%) 14 (25.0%) 38 (35.8%) 0.40
30 day mortality (%)b 13 (23.2%) 13 (23.2%) 40 (37.7%) 0.08

*P<0.05 versus euglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
† P<0.05 versus mild hyperglycemia using a Dunn's Test of Multiple Comparisons Using Rank Sums.
a 10 patients were lost to follow up for 30 day mortality in the non-diabetic subgroup.
b 1 patient was lost to follow up for 30 day mortality in the diabetic subgroup.

Severe hyper- 
glycemia

Severe hyper- 
glycemia
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eFigure 1: Flowchart of included patients.
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eFigure 2: Thirty-day Kaplan Meier survival plots of sepsis patients stratified according to 
admission glucose levels and to the presence or absence of a history of diabetes.

Both patients with and without a history of diabetes admitted with severe hyperglycemia had an increased 
mortality compared to patients admitted with normal glucose levels or mild hyperglycemia.
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Abstract
Purpose: To determine the association of pre-existing diabetes, hyperglycemia and 
hypoglycemia during the first 24 hours of ICU admissions with 90-day mortality in patients 
with sepsis admitted to the Intensive Care Unit (ICU) and describe trends in the incidence of 
and mortality after admission for sepsis. 
Methods: We used mixed-effects logistic regression and unplanned ICU admissions reported 
to the Dutch National Intensive Care Evaluation registry between January 2009 and 2014 to 
analyze the association of diabetes, hyperglycemia and hypoglycemia with 90-day mortality 
(n = 128,222) and describe trends in the incidence of and mortality after sepsis (n = 36,941) 
and non-infectious conditions (n = 77,645).
Results: In a multivariable analysis, diabetes was not associated with increased 90-day 
mortality. In diabetes patients, only severe hypoglycemia in the absence of hyperglycemia 
was associated with increased 90-day mortality (OR 2.95 95%CI 1.19-7.32), whereas in 
patients without pre-existing diabetes several combinations of abnormal glucose levels were 
associated with increased 90-day mortality. The incidence of diabetes increased from 18.2% 
(95%CI 17.3% to 19.1%) in 2009 to 20.0% (95%CI 19.2% to 20.9%, P <0.0001) in 2013 for sepsis 
and from 14.6% (95%CI 14.0% to 15.2%) to 15.7% (95%CI 15.2% to 16.2%, P = 0.0015) for non-
infectious admissions. Sepsis and non-infectious admissions showed similar decreases in 
90-day mortality in diabetes and non-diabetes patients. 
Conclusions: Diabetes was not associated with adjusted 90-day mortality risk in critically ill 
patients admitted with sepsis or a non-infectious condition. 
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Introduction
Sepsis, a common entity in critically ill patients, is associated with high mortality rates1. Chronic 
comorbid diseases influence the intensity of care and outcome of sepsis patients2. Diabetes 
is one of the most common comorbidities, present in 20-35% of all critically ill patients with 
sepsis3. Recent literature has examined the association between diabetes, hyperglycemia, 
hypoglycemia, glucose variation and glucose control, and disease severity and outcome 
in patients admitted to the intensive care unit (ICU)4. However, the association of diabetes 
with disease presentation and mortality specifically in sepsis patients remains undecided5. 
Over the past decade, contradicting evidence has emerged on the association of diabetes 
with sepsis outcome, possibly explained by inclusion bias or differences in methodological 
decisions and study populations5. Factors associated with mortality, such as glucose levels6-8 
and body mass index (BMI)9,10, affect patients with and without diabetes differently11-13 and 
are often not included as confounders. In some studies, diabetes was associated with an 
increased risk of mortality in patients with sepsis14,15, but neutral and decreased risks have 
also been reported11,16-19. While both hyperglycemia and hypoglycemia have been reported as 
independent risk factors for mortality in critically ill sepsis patients6,7,11,20-22, this association is 
not or less clear in diabetes patients, suggestive of protective influences of diabetes11-13,18,23,24.
Our primary aim was to examine the association of pre-existing diabetes with 90-day 
mortality in critically ill patients with sepsis admitted to the ICU. The secondary aim of this 
study was to investigate whether the association between hyperglycemia and hypoglycemia 
during the first 24 hours of ICU admission and sepsis outcome differs between patients with 
and without diabetes. Herein we focused on the first 24 hours since we were interested in the 
effect of altered glucose levels as part of the acute stress response; analyses of glucose levels 
throughout the ICU stay more relate to the effect of glucose regulation by insulin, which has 
been the topic of many previous investigations4. We performed a retrospective study in over 
160,000 unplanned ICU admissions in the Netherlands between 2009 and 2013. Considering 
the decreasing case fatality rate of sepsis25 and improvement in critical care26, we also report 
trends in time for the proportion of diabetes patients admitted to the ICU for sepsis, as well 
as for mortality, using patients with a non-infectious admission diagnosis as comparators. 

Methods
 
Data sources and ethical approval
ICU admissions and data on clinical variables were retracted from the Dutch National Intensive 
Care Evaluation (NICE) registry27. The NICE database includes anonymized data on variables 
that describe patient characteristics, severity of illness and laboratory measurements during 
the first 24 hours of ICU admission and outcome. In 2013, 83 (92%) of the 90 hospitals in 
the Netherlands with ICUs participated. We linked ICU admissions in the NICE registry to the 
national administrative database for health insurance companies (Vektis) (eMethods in the 
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Supplement), which covers 95% of the Dutch population, to determine mortality 90 days 
after ICU admission. 
The medical ethics committee of the Academic Medical Center stated that medical ethics 
approval for this study was not required under Dutch national law (registration number 
W15-177).

Variables 
In the NICE database, two Acute Physiologic And Chronic Health Evaluation (APACHE) IV 
reasons for ICU admission can be recorded for each admission. Sepsis was defined as 
admission diagnosis if one or both of these reasons were infections (eMethods and eTable 1 
in the Supplement), taking into account that according to the sepsis definition specified in 
the 2001 International Sepsis Definitions Conference all infections requiring ICU admission 
qualify as sepsis28. Diabetes was defined as the use of antidiabetic medication before ICU 
admission. Maximum glucose levels during the first 24 hours of ICU admission were stratified 
as follows: no hyperglycemia (≤140mg/dL, ≤7.78 mmol/L); mild hyperglycemia (141 to 
199mg/dL, 7.83-11.05mmol/L); and severe hyperglycemia (≥200mg/dL, ≥11.11mmol/L); 
minimum glucose levels during the first 24 hours of ICU admission were stratified as follows: 
no hypoglycemia (>70 mg/dL, >3.89 mmol/L); mild hypoglycemia (41 to 70mg/dL, 2.28-3.89 
mmol/L ); and severe hypoglycemia (≤40mg/dL, ≤2.22 mmol/L), based on the Surviving Sepsis 
Campaign guidelines29 and the recommendations of the American Diabetes Association and 
previous work7,11,24. Detailed definitions and categorizations of these and other variables 
are presented in eTable 2 in the Supplement. All unplanned ICU admissions in participating 
hospitals between 1st January 2009 and 1st October 2011 and between 1st January 2012 and 
31st December 2013 that could be linked to the Vektis database were included for analysis. We 
present our exclusion criteria in Table 1.

Statistical analysis
The association between 90-day mortality and diabetes, corrected for other factors (as listed 
in Supplementary Table 2), was analyzed using a generalized linear mixed effect model. 
Our final model was obtained using a procedure with two stages (further specified in the 
Supplement). P values from the generalized linear mixed effect models were obtained by 
comparing the difference in the likelihood of two hierarchical models with the chi-squared 
distribution with the number of degrees of freedom equal to the difference in the number of 
parameters estimated. P < 0.05 were regarded as statistically significant. No corrections were 
made for multiple testing.
The data on trends over time are reported as percentages with score confidence intervals 
(CI). Changes in these percentages were analyzed using time in fractional years since 1st 
January 2009 and generalized linear mixed-effects models with binominal link functions and 
a random intercept per hospital.  
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Table 1. Exclusion criteria

Overall exclusion criteria
ICU readmission within a single hospital admission
Deceased at ICU admission
Length of ICU stay less than 4 hours
Age at ICU admission less than 16 years
ICU admission for transplantation other than liver and kidney transplantation
Burn injury
Missing APACHE IV admission diagnosis
Missing admission type
Missing hospital discharge date
Diabetic ketoacidosis as APACHE IV admission diagnosis
Diabetic hyperglycemic hyperosmolar nonketotic coma as APACHE IV admission diagnosis
Hospitals with fewer than 10 diabetes and 10 non-diabetes 90 day related deaths
Missing minimum or maximum blood glucose in the first 24 hours
Missing patient height or weight

Exclusion criteria for trend analysis
Admissions to hospitals with fewer than 100 qualifying admissions in each year from 2009 to 
2013

For the analyses on trends in time, admissions to hospitals with fewer than 100 qualifying admissions in each 
year from 2009 to 2013 were also excluded. 



CHAPTER 7

188

Results

Baseline characteristics of sepsis patients stratified by a medical history of diabetes
We identified 41,492 (32.6%) admissions for sepsis (Figure 1). For analyses of the independent 
association of diabetes, hypoglycemia and hyperglycemia with 90-day mortality in sepsis 
patients we composed a cohort in which all possibly confounding factors could be taken 
into account. In this cohort 8,087 (19.5%) encompassed admissions with a history of 
diabetes. Patients with diabetes were older (71.0 [63-78] versus 67.0 [56-77] years, P <0.0001), 
were in higher BMI categories, were less often admitted from the operating theatre (19.4% 
versus 24.8%, P <0.0001) and were admitted with more COPD/respiratory insufficiency, 
cardiovascular insufficiency and chronic renal failure (Table 2). Malignancy, however, was 
more prevalent in sepsis patients without a medical history of diabetes (10.3% versus 6.8% 
P <0.0001 respectively) (Table 2). In the first 24 hours of ICU admission, diabetes patients 
presented with more acute renal failure (26.8% versus 18.3%, P <0.0001) and vasopressor use 
(56.0% versus 51.6%, P <0.0001). In terms of acute disease severity on ICU admission, patients 
with diabetes had slightly higher modified APACHE III physiology scores (mAPS, eTable in the 
Supplement)30 defined as APS per 10 points without the contribution of glucose; (6.2 [4.7-8.1] 
versus 5.7 [4.2-7.6] P <0.0001). In the first 24 hours of ICU admission patients with diabetes 
experienced higher maximum blood glucose levels (glucose 12.3mmol/L [9.7-15.7] versus 
9.1mmol/L [7.4-11.3], P <0.0001) and were more often severely hyperglycemic (62.4% versus 
27.4% respectively, P <0.0001). Non-diabetic patients, on the other hand, were more often 
mildly hyperglycemic in the first 24 hours of ICU admission (42.7% versus 26.8% respectively, 
P <0.0001). Patients with diabetes experienced more mild hypoglycemia events in the first 24 
hours of ICU admissions (11.1% versus 7.5%, P < 0.0001). Urinary tract infections and skin/
soft tissue infection were more often the source of infection in patients with diabetes (10.7% 
versus 7.1% P <0.0001 for urinary tract and 7.4% versus 4.0%, P <0.0001 for skin infections). 
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Figure 1. Flowchart of included patients.
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Table 2. Clinical characteristics and outcomes of sepsis patients with and without diabetes 
mellitus.

Diabetes mellitus No diabetes  
mellitus

P value

Admissions 8085 (19.5%) 33407 (80.5%)
Age (years), median [IQR] 71 [63-78] 67 [56-77] <0.0001
Male gender, n (%) 4493 (55.6%) 19158 (57.3%) 0. 0038
BMI (kg/m2) median [IQR] 27.5 [24.2-31.6] 24.8 [22.4-27.8] <0.0001
Body mass index category, n (%)

Underweight 163 (2.0%) 1729 (5.2%) <0.0001
Normal weight 2486 (30.7%) 15983 (47.8%)
Overweight 2760 (34.1%) 10693 (32.0%)
Obesity 2676 (33.1%) 5002 (15.0%)

Admission type, n (%)
Medical 6184 (76.5%) 23320 (69.8%) <0.0001

Admission source, n (%) <0.0001
Ward 3811 (47.1%) 14688 (44.0%)
Emergency room 2242 (27.7%) 8610 (25.8%)
Operating/recovery room 1571 (19.4%) 8275 (24.8%)
Other admission source 461 (5.7%) 1834 (5.5%)

Length of stay before ICU admission, 
median [IQR] 1 [0.7-3.4] 1 [0.7-3.8] 0. 0011

Chronic comorbid diseases, n (%)
COPD/ Chronic renal insufficiency 2493 (30.8%) 8024 (24.0%) <0.0001
Chronic cardiovascular insufficiency 579 (7.2%) 1113 (3.3%) <0.0001
Chronic renal insufficiency 1244 (15.4%) 2231 (6.7%) <0.0001
Metastasized malignancy (neoplasm) 546 (6.8%) 3455 (10.3%) <0.0001
Immune insufficiency 1086 (13.4%) 4762 (14.3%) 0. 0566

Acute comorbid diseases, n (%)
Acute renal failure 2169 (26.8%) 6123 (18.3%) <0.0001
Cardiac event first 24h 1324 (16.4%) 3960  (11.9%) <0.0001
Mechanical ventilation first 24h 4725 (58.4%) 19882 (59.5%) 0. 0781
Vasoactive medication first 24h 4527 (56.0%) 17227 (51.6%) <0.0001

Severity of disease, median [IQR]
Acute physiology score  
(glucose excluded) 6.2 [4.7-8.1] 5.7 [4.2-7.6] <0.0001

APACHE IV score (glucose excluded) 
Length of ICU-stay 3.2 [1.5-7.5] 3 [1.3-7.5] 0.0001
Length of hospital stay 15 [8-28] 15 [8-28] 0. 8296
APACHE IV expected mortality 0.3 [02.-0.5] 0.2 [0.1-0.5] <0.0001
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Diabetes mellitus No diabetes  
mellitus

P value

Admissions 8085 (19.5%) 33407 (80.5%)
Lowest glucose first 24h, n (%)
Lowest glucose per patient mmol/L,  
median [IQR] 6.4 [4.9-8.1] 6.2 [5.2-7.3] <0.0001

Severe hypoglycaemia 159 (2.0%) 408 (1.2%) <0.0001
Mild hypoglycaemia 895 (11.1%) 2517 (7.5%)
No hypoglycemia 7031 (87.0%) 30482 (91.2%)

Highest glucose first 24h, n (%)
Highest glucose per patient mmol/L,  
median [IQR] 12.3 [9.7-15.7] 9.1 [7.4-11.3] <0.0001

No hyperglycemia 878 (10.9%) 9982 (29.9%) <0.0001
Mild hyperglycaemia 2165 (26.8%) 14266 (42.7%)
Severe hyperglycaemia 5042 (62.4%) 9159 (27.4%)

Admission diagnosis  
(APACHE IV classification), n (%)

Respiratory tract infection 3337 (41.3%) 14616 (43.8%) <0.0001
Gastro-intestinal infection 2006 (24.8%) 10496 (31.4%)
Urinary tract infection 863 (10.7%) 2382 (7.1%)
Skin/soft tissue infection 596 (7.4%) 1323 (4.0%)
Central nervous system infection 156 (1.9%) 968 (2.9%)
Multiple infections 121 (1.5%) 539 (1.6%)
Other or unknown infection* 1006 (12.4%) 3083 (9.2%)

Outcome, n (%)
ICU mortality 1449 (17.9%) 5378 (16.1%) <0.0001
In-hospital mortality 2264 (28.0%) 8151 (24.4%) <0.0001
90-day mortality 2809 (34.7%) 10043 (30.1%) <0.0001

These P values do not take the clustering of admissions within hospitals into account.
Abbreviations: ICU intensive care unit, COPD chronic obstructive pulmonary disease
*Other infectious diagnosis include: Septic arthritis; gynecologic sepsis; endocarditis; other sepsis; sepsis of 
unknown origin.

Outcome and 90-day mortality risk
Sepsis patients admitted with a history of diabetes had increased length of ICU stay and had 
higher crude ICU, in-hospital and 90-day mortality rates (17.9% versus 16.1% for ICU, 28.0% 
versus 24.4% for in hospital and 34.7% versus 30.1% for 90-day mortality; all P <0.0001) (Table 
2). Patients with diabetes had higher crude 90-day mortality (odds ratio (OR) 1.25, 95%CI 1.19 
to 1.31, P < 0.0001) than those without diabetes, when not correcting for other differences in 



CHAPTER 7

192

patient characteristics. Patients with mild (OR 2.43, 95%CI 2.26 to 2.61) or severe (OR 4.79, 95%CI 
4.02 to 5.72) hypoglycemia had higher 90-day mortality (both P < 0.0001), when hypoglycemia 
and diabetes were included in the model, and the interaction between hypoglycemia and 
diabetes was significant (P = 0.0003) when added into this model. Patients with mild (OR 
1.08, 95%CI 1.02 to 1.13) or severe (OR 1.41 95%CI 1.33 to 1.49) hyperglycemia had higher 
90-day mortality (both P < 0.0001), when hyperglycemia and diabetes were included in the 
model, and the interaction between hyperglycemia and diabetes was significant (P < 0.0001), 
when added into this model. Diabetes remained associated with increased mortality when 
corrected for hyperglycemia, hypoglycemia and interaction terms with diabetes (eTable 3 
in the Supplement, model 1) and following the addition of all other explanatory variables 
listed in supplementary Table 2 (eTable 3 in the Supplement, model 2). In this model, the 
interaction between diabetes and hyperglycemia remained significant (P = 0.0106), but the 
interaction term between diabetes and hypoglycemia did not (P = 0.6507)(eTable 3 in the 
Supplement). After correction for all factors presented in eTable 4 in the Supplement in the 
logistic regression model, with the exception of hyperglycemia and hypoglycemia, there was 
no significant association between diabetes and 90-day mortality (odds ratio 1.05, 95%CI 
0.99 to 1.12, P = 0.1009). Using a backwards stepwise regression the variables age, BMI 
category, admission source and type, chronic comorbid diseases, acute comorbid diseases, 
mAPS, hyper-and hypoglycemia, type of infections and the year of ICU admission were 
kept in the final logistic regression model. Also, analyzing interaction terms, the interaction 
between acute renal failure and diabetes was included in the final model together with the 
interaction between different BMI categories and diabetes. Since the extensive interactions 
between diabetes, hyper- and hypoglycemia cause difficulty in interpreting the model and as 
2627 (6.3%) of patients had hyperglycemia and hypoglycemia in the first 24 hours (eTable 5 
in the Supplement), we chose to analyze the effect of diabetes in different combinations of 
hyper- and hypoglycemia during the first 24 hours after ICU admission (Figure 2). In none of 
the separate glucose categories diabetes was associated with increased mortality relative to 
the absence of diabetes (Figure 2, Table 3). In diabetes patients, only severe hypoglycemia 
in the absence of hyperglycemia was associated with an increased 90-day mortality (OR 
2.95 95%CI 1.19-7.32). In patients without pre-existing diabetes several combinations of 
abnormal glucose levels were associated with an increased 90-day mortality, i.e. mild or 
severe hypoglycemia in the absence of hyperglycemia (OR 1.52, 95% CI 1.29-1.79 and OR 
3.27, 95%CI 2.08- 5.14 respectively), mild hypoglycemia plus mild hyperglycemia (OR 1.40, 
95% CI 1.18-1.67), severe hyperglycemia plus mild or severe hypoglycemia (OR 1.31, 95% CI 
1.10-1.57 and OR 2.03, 95%CI 1.39 to 2.98 respectively). Notably, severe hyperglycemia in the 
absence of hypoglycemia was not associated with increased mortality in either diabetes or 
non-diabetes patients. 
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Figure 2. Forrest plot depicting 90-day mortality risk in patients with and without diabetes 
admitted with sepsis to the Dutch ICU’s during the 5 year observation period. 

Blue lines depict sepsis patients without diabetes, red lines depict sepsis patients with diabetes. 
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Table 3. Parameter estimates for the final multivariate logistic regression model.

Odds 
ratio

95% CI P value

No diabetes, no hyperglycemia, no hypoglycemia (N=8842, 26.5%)(reference) 0

Diabetes, no hyperglycemia, no hypoglycemia (n=666, 8.2%) 1.09 0.72-1.66 <0.0001

No diabetes, mild hyperglycemia, no hypoglycemia (N=13386, 40.1%) 0.98 0.91-1.06

Diabetes, mild hyperglycemia, no hypoglycemia (N=1896, 23.5%) 0.81 0.55-1.20

No diabetes, severe hyperglycemia, no hypoglycemia (N=8254, 24.7%) 0.97 0.90-1.05

Diabetes, severe hyperglycemia, no hypoglycemia (N-4469, 55.3%) 0.80 0.55-1.17

No diabetes, no hyperglycemia, mild hypoglycemia (N=992, 3.0%) 1.52 1.29-1.79

Diabetes, no hyperglycemia, mild hypoglycemia (N=173, 2.1%) 1.55 0.93-2.58

No diabetes, mild hyperglycemia, mild hypoglycemia (N=769, 2.3%) 1.40 1.18-1.67

Diabetes, mild hyperglycemia, mild hypoglycemia (N=230, 2.8%) 0.97 0.60-1.55

No diabetes, severe hyperglycemia, mild hypoglycemia (N=756, 2.3%) 1.31 1.10-1.58

Diabetes, severe hyperglycemia, mild hypoglycemia (N=492, 6.1%) 1.31 0.86-2.00

No diabetes, no hyperglycemia, severe hypoglycemia (N=148, 0.4%) 3.27 2.08-5.14

Diabetes, no hyperglycemia, severe hypoglycemia (N=39, 0.5%) 2.95 1.19-7.32

No diabetes, mild hyperglycemia, severe hypoglycemia (N=111, 0.3%) 1.45 0.90-2.34

Diabetes, mild hyperglycemia, severe hypoglycemia (N=39, 0.5%) 1.17 0.52-2.66

No diabetes, severe hyperglycemia, severe hypoglycemia (N=149, 0.5%) 2.03 1.39-2.98

Diabetes, severe hyperglycemia, severe hypoglycemia (N=81, 1.0%) 1.45 0.79-2.69

Modified APACHE physiological score 1.29 1.2901.31 <0.0001

Infection type 

Respiratory tract infection (reference) 0 <0.0001

Gastro-intestinal infection 0.84 0.78-0.92

Urinary tract infection 0.52 0.47-0.58

Skin/soft tissue infection 0.93 0.82-1.05

Central nervous system infection 0.88 0.74-1.04

Multiple infections 1.01 0.84-1.21

Other/unknown infection 1.11 1.02-1.22

Admission source

Ward (reference) 0 <0.0001

Emergency room 0.73 0.68-0.77

Operating theater 0.85 0.76-0.95

Other or unknown 0.85 0.76-0.95 0.0046

Body Mass Index 

Normal (reference) 0 0.0153

Overweight 0.75 0.71-0.80

Obesity 0.74 0.68-0.82

Underweight 1.73 1.54-1.95
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Odds 
ratio

95% CI P value

Chronic comorbid diseases

Chronic renal failure 1.23 1.13-1.33 <0.0001

Chronic obstructive pulmonary disease or respiratory insufficiency 1.26 1.19-1.34 <0.0001

Chronic cardiovascular insufficiency 1.61 1.43-1.80 <0.0001

Metastasized malignancy (neoplasm) 2.79 2.58-3.02 <0.0001

Immune insufficiency 1.38 1.29-1.48 <0.0001

Acute comorbid disease

Cardiac event in 24 hours before ICU admission 1.11 1.03-1.19 0.0041

Acute renal failure within 24 hours of ICU admission 1.32 1.23-1.42 <0.0001

Mechanical ventilation in first 24 hours of ICU admission 1.41 1.33-1.49 <0.0001

Unplanned medical admission 1.33 1.19-1.48 <0.0001

Age in years on admission 1.05 1.05-1.-5 <0.0001

Year of admission 0.97 0.95-0.98 0.0004

Interaction BMI category and DM 0.0153

Normal weight and DM 1.44 0.97-2.11

Overweight and DM 1.26 0.85-1.85

Obesity and DM 1.15 0.78-1.70

Interaction between acute renal failure and diabetes 0.83 0.73-0.95 0. 0077

Trend over time
The percentage of unplanned admissions attributable to patients with sepsis remained stable 
at 32.8% (95% CI 32.2% to 33.4%) in 2009 and 32.1% (95%CI 31.5% to 32.7%, P = 0.1390) in 
2013. The percentage with pre-existing diabetes rose from 18.2% (95%CI 17.3% to 19.1%) in 
2009 to 20.0% (95%CI 19.2% to 20.9%, P <0.0001) in 2013 for sepsis patients and from 14.6% 
(95%CI 14.0% to 15.2%) in 2009 to 15.7% (95%CI 15.2% to 16.2%, P = 0.0015) in 2013 for non-
infectious patients (eFigure 1A in the Supplement). We found no differences between the 
overall increase in percentage of patients with diabetes between sepsis and non-infectious 
patients (P = 0.1490). 
Crude 90-day mortality was consistently higher for sepsis than for non-infectious admissions 
over the study period (P <0.0001) and for admissions with than without diabetes (P <0.0001) 
(eFigure 1B in the Supplement). In both sepsis and non-infectious patients crude 90-day 
mortality decreased during the study period, from 34.2% (95%CI 33.1% to 35.4%) in 2009 
to 29.5% (95%CI 28.6% to 30.5%) in 2013 (P < 0.0001) for sepsis patients and from 23.9% 
(95% CI 23.2% to 24.6%) in 2009 to 21.5% (95%CI 20.1% to 22.2%) in 2013 (P < 0.0001) for 
non-infectious patients. The observed decrease in mortality was similar between sepsis and 
non-infectious patients (P = 0.2638). The decrease in crude 90-day mortality was similar (P 
= 0.4337) for sepsis admissions with (from 33.3% (95%CI 32.1% to 34.5%) in 2009 to 28.6% 
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(95%CI 27.5% to 29.7%, P < 0.0001) in 2013) and without diabetes (from 33.3% (95%CI 32.1% 
to 34.5%) in 2009 to 28.6% (95%CI 27.5% to 29.7%, P < 0.0001) in 2013). The decrease in crude 
90-day mortality was similar (P = 0.2233) for non-infectious admissions with (31.8% (95%CI 
29.8% to 33.8%) in 2009 to 27.7% (95%CI 26.1% to 29.5%, P = 0.0006) in 2013) and without 
diabetes 22.6% (95% CI 21.9% to 23.4%) in 2009 to 20.4% (95% CI 19.8% to 21.0%, P < 0.0001) 
in 2013.

Discussion 
In this study we aimed to obtain insight into the association of pre-existing diabetes with 
90-day mortality of critically ill patients admitted with sepsis, taking trends in time and 
the influence of abnormal glucose levels during the first 24 hours after ICU admission into 
account. The main findings are: (1) abnormal glucose levels are more harmful in patients 
without pre-existing diabetes; (2) the prevalence of diabetes among patients with sepsis and 
non-infectious disease admitted to the ICU increased modestly over time, but this increase 
has only minor clinical consequences and (3) 90-day mortality of sepsis patients decreased 
similarly over time in those with and without diabetes, and this decrease was similar to that 
for patients with a non-infectious admission diagnosis. 
An important outcome of our study was the similar decrease in 90-day mortality of diabetes 
and non-diabetes patients after ICU admission for either sepsis or a non-infectious condition 
over the study period of 5 years. This finding is in accordance with earlier investigations 
reporting a decline in case fatality rates after ICU admission for sepsis and for non-infectious 
conditions25, which has been suggested to be related to better ICU practice. This latter theory 
is supported by our finding that the decline in mortality was not different between sepsis and 
non-infectious patients. In our cohort, pre-existing diabetes did not increase adjusted 90-day 
mortality in any of the glucose subcategories. While several earlier studies reported on the 
association between hyperglycemia6,7,11,20,21, or hypoglycemia21,22 and the outcome of sepsis, 
our study is different in that it analyzed combinations of hyperglycemia and hypoglycemia in 
diabetic and non-diabetic patients during the first 24 hours after ICU admission. An important 
finding was that patients with diabetes were relatively resistant to the harmful effects of 
abnormal glucose concentrations: whereas in patients without pre-existing diabetes several 
combinations of hyperglycemia and hypoglycemia were associated with an increased risk 
for mortality at 90 days, in patients with diabetes only isolated severe hypoglycemia was 
associated with an increased 90-day mortality risk. The association between hypoglycemia 
and increased mortality risk has been described before in critically ill sepsis patients, but not 
stratified according to the presence of absence of diabetes21,22. Remarkably, in the present 
study severe hyperglycemia was only associated with an increased sepsis mortality in 
patients without diabetes when also hypoglycemia was registered during the first 24 hours 
after ICU admission; earlier investigations reported on the association of hyperglycemia with 
an impaired sepsis outcome, but did not take hypoglycemic episodes into account6,7,11,20,21. 
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Our study has strengths and limitations. To our knowledge this is the first study reporting 
the association of diabetes on longer time follow up including extensive correction for 
covariables in the main outcome analysis. Previous studies on the association of diabetes 
either reported ICU or in-hospital mortality without or with limited correction for confounding 
factors11,14-19,31-33. Also, we are the first to give an overview of the incidence and mortality over 
time of sepsis admissions with and without pre-existing diabetes in a large cohort in multiple 
ICUs. Previous work including longitudinal data and longer time follow up, was not restricted 
to sepsis patients in particular and trends over time were not included34. In the current study, 
sepsis was defined according to 2001 International Sepsis Definitions Conference28; although 
not certain, most patients likely also qualified for the recently proposed sepsis definition 
(incorporating organ failure)35 considering that we exclusively studied patients in need of 
intensive care. Second, since we focused on the additional risk of preexisting diabetes on 
the outcome of sepsis after admission to the ICU, no conclusion can be drawn on the overall 
additional risk of diabetes on infectious related mortality in general. HbA1C levels were not 
available and we can therefore not exclude that some patients may be admitted to the ICU 
with undiagnosed diabetes, recently reported to account for approximately 5.5%36 to 9.3%37 
of ICU admissions. Also those diabetes patients only on ‘diet therapy’ could not be identified. 
In addition, we could not assess the effect of premorbid glycemic control using HbA1C levels, 
which is reported to be of influence on glycemic control and outcome in critically ill patients 
with diabetes36,38, and more specific that mortality risk for hypoglycemia is dependent on 
glucose regulation prior to ICU admission39. Data on glycemic control during ICU admission 
could not be extracted from the database and an iatrogenic influence on maximum and 
minimum glucose levels in the first 24 hours should therefore be taken into account when 
interpreting the results. Lastly, we were not able to correct for certain factors that are known to 
influence glucose levels such as lactate40, intravenous fluids, steroids and/or catecholamines.

Conclusion
Diabetes was not associated with adjusted 90-day mortality risk in critically ill patients 
admitted with sepsis. Abnormal glucose levels during the first 24 hours after ICU admission 
are associated with 90-day mortality in sepsis patients with and without pre-existing diabetes 
differently, indicating that diabetes patients may tolerate wider glucose ranges than non-
diabetes patients admitted with sepsis. Hypoglycemia, more so than hyperglycemia, in the 
first 24 hours after ICU admission for sepsis is associated with increased mortality in non-
diabetes sepsis patients.
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Supplementary data

Supplementary Content

eMethods   containing information on sepsis admission diagnosis, statistical analysis and 
linkage to Vektis.

eTable 1.   Categorization and selection of APACHE IV reasons for intensive care unit 
admission in patients with sepsis.

eTable 2.   Definitions and categorizations of variables obtained from the Dutch National 
Intensive Care Evaluation database.

eTable 3.   Multivariable analysis on the effect of diabetes on 90 day mortality in two 
different models.

eTable 4.   Univariate analyses, p-values in addition to diabetes as main effect.
eTable 5.   Distribution of different glucose strata during the first 24 hours in patients with 

and without diabetes.
eFigure 1A   Incidence of patients with or without diabetes admitted for infectious or non-

infectious reasons to the Dutch ICUs included in the National Intensive Care 
Evaluation registration during the 5 year observational period.

eFigure 1B  90-day survival in patients with or without diabetes after admission for infectious 
or non-infectious reasons. 
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Methods

Sepsis admission diagnosis
In the NICE database, two Acute Physiologic And Chronic Health Evaluation (APACHE) IV 
reasons for ICU admission can be recorded in the first 24 hours for each admission. These 
admission reasons are predefined within the APACHE IV diagnosis classification. In total 20 
APACHE IV admission diagnosis classes are available; 10 non-operative and 10 post-operative, 
i.e.: cardiovascular, gastro-intestinal, genitourinary, hematological, metabolic, musculo-
skeletal, neurologic, respiratory, transplant and trauma. Within each these classes, up to 55 
admission diagnoses are specified. In total, treating ICU physicians can choose 2 out of the 
445 APACHE IV admission diagnoses available. These APACHE IV admission diagnoses are 
assigned in the first 24hours after ICU admission. APACHE IV admission reasons defined as 
infections for the purpose of this study are presented in Supplementary Table 1. Any infection 
diagnosed upon ICU admission was qualified as sepsis, whereas infections occurring later 
during ICU stay were not included in the sepsis cohort.

Statistical analysis
Characteristics of admissions are presented in terms of numbers and percentages for 
categorical variables and the median and interquartile range for continuous variables. 
Differences between groups were tested using chi-squared tests for categorical data and 
Mann-Whitney-U tests for continuous data. 
The association between 90-day mortality and diabetes, corrected for other factors (eTable 
2 in the Supplement), was analyzed using a generalized linear mixed effect model with a 
binominal link function and a random intercept per hospital. Terms indicating diabetes 
status, hyperglycemia, hypoglycemia and their interactions were retained in all models. Our 
final model was obtained using a procedure with two stages. In the first stage, a model was 
constructed for each factor with 90-day mortality as the dependent variable and the factor, 
diabetes status and the interaction term between them as fixed effects. If the P value of the 
interaction term was less than 0.05, both the factor and the interaction term were included 
in the second stage. If the P value of the interaction term was 0.05 or greater, a model was 
constructed with only the factor and diabetes status. If the P value of the factor was less than 
0.05 in this model, the factor, but not the interaction term, was included in the second stage. 
If the P value of the factor was more than 0.05, neither the factor nor the interaction term were 
included in the second stage. In the second stage, all applicable factors and interaction terms 
from the first stage were included in a single model.  Subsequently, a backwards procedure 
was applied, removing the variable with the largest P value and then re-estimating all 
parameters in the model. This process was continued until all factors and interaction terms 
retained had a P value less than 0.05. 
P-values from the generalized linear mixed effect models were obtained by comparing the 
difference in the likelihood of two hierarchical models with the chi-squared distribution 
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with the number of degrees of freedom equal to the difference in the number of parameters 
estimated. 
For the analyses on trends in time, admissions to hospitals with fewer than 100 qualifying 
admissions in each year from 2009 to 2013 were also excluded. The minimum numbers of 
patients per hospital were chosen to prevent unstable parameter estimates resulting from 
low numbers of events per hospital1.The data on trends over time are reported as percentages 
with score confidence intervals. Changes in these percentages were analyzed using time in 
fractional years since 1st January 2009 and generalized linear mixed-effects models with 
binominal link functions and a random intercept per hospital.  
P values smaller than 0.05 were regarded as statistically significant. No corrections were 
made for multiple testing. All analyses were performed in R version (v. 3.1.0); the package 
lme4 was used for estimating parameters of generalized linear mixed-effects models and the 
package exactci to obtain confidence intervals for proportions.

Linkage of Dutch National Intensive Care Evaluation to Vektis for determination of 90 
day mortality
The Dutch National Intensive Care Evaluation (NICE) registry follows patients until hospital 
discharge and, thus, only has information on ICU and hospital mortality. To obtain information 
on mortality after hospital discharge, the NICE registry links its records with those in the Vektis 
national database of medical insurance claims2,3. Since health care insurance is compulsory 
for all inhabitants of the Netherlands, the Vektis database provides nearly complete coverage 
of medical care provided in the country. In addition, Dutch health insurance companies 
automatically notify Vektis of the date that a patient stops being insured because they have 
died and adds this information to its database. The admissions in the NICE registry used 
in this paper were matched anonymously in two separate waves. In both waves, the NICE 
registry submitted data on the hospital to which the patient was admitted, gender and 
dates of birth, ICU admission and ICU discharge and unique codes identifying admissions 
within hospitals in the NICE registry. The NICE registry only submitted admission records to 
Vektis if the record was for an initial ICU admission within a given hospital admission (hence 
excluding ICU readmissions within a given hospital admission), the patient’s gender (male or 
female) and dates of birth, ICU admission and ICU discharge were known. 
The first wave considered the situation as of December 31, 2011 and used a deterministic 
linkage algorithm4 with two stages. In the first stage of the first wave linkage algorithm5, the 
records in the NICE and Vektis databases were linked if the hospital of admission, gender 
and dates of birth, ICU admission and ICU discharge were identical and unique. Records that 
could not be linked in the first stage proceeded to the second stage. In the second stage, 
records were linked if the hospital of admission, gender and dates of birth were identical 
and the dates of ICU admission and discharge fell in a period in which the patient was 
hospitalized for a complex intervention, such as open heart surgery or organ transplantation 
and the linkage was unique. This is because medical insurance reimbursement for these 
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interventions included ICU care until 31st December 2011 and Vektis has no separate record 
of the dates of ICU care for these patients. 
The second wave considered the situation as of October 31, 2014 and had three stages. 
In the first stage of the second wave linkage algorithm, the records in the NICE and Vektis 
databases were linked if the hospital of admission, gender and dates of birth, ICU admission 
and ICU discharge were identical and unique. Records that could not be linked in the first 
stage proceeded to the second stage. In the second stage, records were linked if hospital of 
admission, gender and dates of birth and ICU admission were identical and unique. Records 
that could not be linked in the second stage proceeded to the third stage.  In the third stage, 
records were linked if hospital of admission, gender and dates of birth and ICU discharge 
were identical and unique.
Vektis returned the records to the NICE registry reporting whether it was possible to match 
each admission submitted by the NICE registry to a record in the Vektis database. If it was 
possible to match a record, Vektis also reported whether a date of death had been reported 
to Vektis. If a date of death had been reported, Vektis also reported this date to the NICE 
registry. The information reported by Vektis was added to the data in the NICE registry.
After linkage the vital status of the patient 90 days after ICU admission was calculated, using 
the date of death where relevant and assuming that if it was possible to link an admission 
in the NICE registry to a record in the Vektis registry, but the Vektis registry did not contain 
a date of death, that the individual was still alive on the given dates. Due to a changeover 
in administrative systems at Vektis associated with a change in the remuneration system 
for hospitals in the Netherlands that came into effect on 1st January 2012, it could not be 
determined whether a patient was still alive 90 days after ICU admission if the patient was 
admitted to an ICU between 1st October and 31st December 2011.
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eTable 1. Categorization and selection of APACHE IV reasons for intensive care unit admission in 
patients with sepsis. 

Organ system of infection APACHE IV reason for admission

Respiratory tract

Thoracotomy for thoracic or respiratory infection; surgery for 
infection or abscess; pulmonary sepsis; aspiration pneumonia; 
parasitic pneumonia; viral pneumonia; fungal pneumonia; other 
pneumonia.

Gastro-intestinal tract

Gastro-intestinal sepsis; cholangitis; gastro-intestinal abscess or 
cyst; gastro-intestinal perforation or rupture; peritonitis; compli-
cation of previous gastro-intestinal surgery; surgery for anasto-
motic leak, bleeding, abscess, infection, or dehiscence; surgery 
for fistula or abscess (not inflammatory bowel disease); surgery 
for gastro-intestinal abscess or cyst; surgery for gastro-intestinal 
perforation or rupture; surgery for peritonitis

Urinary tract Renal or urinary tract (including bladder) infection or sepsis; renal 
infection or abscess.

Central nervous system Neurologic abscess; surgery for cranial abscess or infection; en-
cephalitis; meningitis.

Skin or soft tissue Cutaneous or soft tissue sepsis, cellulitis and localized soft tissue 
infections; surgery for cellulitis and localized soft tissue infections.

Other or unknown Septic arthritis; gynecologic sepsis; endocarditis; other sepsis; 
sepsis of unknown origin.
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eTable 2. Definitions and categorizations of variables obtained from the Dutch National Intensive 
Care Evaluation database.

Variable Description Treatment of variables in 
analyses

Gender Gender defined as male or female Male/female

Age Age at start of ICU admission in fractional 
years Continuous

Year of admission Calendar year at start of ICU admission Continuous

Admission source Location of patient immediately before ICU 
admission

Hospital ward  
(not ICU or cardiac care unit) 
Emergency room
Operating theatre
Other

Modified APACHE III  
acute physiology score

APACHE III acute physiology score minus  
any points awarded for blood glucose Continuous, per 10 points

Organ system of infection eTable 1 in the Supplement for details

Respiratory tract infection 
Gastro-intestinal infection 
Urinary tract infection
Skin or soft tissue infection
Central nervous system in-
fection
Multiple infections
Other or unknown infection

Hypoglycemia Lowest blood glucose in first 24 hours of ICU 
admission

No hypoglycemia (>70 mg/dl)
Mild hypoglycemia (41 to 
70mg/dl)
Severe hypoglycemia  
(≤40mg/dl)

Hyperglycemia Highest blood glucose in first 24 hours of ICU 
admission

No hyperglycemia  
(≤140 mg/dl)
Mild hyperglycemia  
(141 to 199mg/dl) 
Severe hyperglycemia 
(≥200mg/dl)

Body mass index Weight in kilograms divided by the square of 
height in meters

Underweight  
(less than 18.5 kg/m2)
Normal (18.5 to 24.9 kg/m2) 
Overweight  
(25.0 to 29.9 kg/m2)
Obesity (30.0kg/m2 or greater)

Diabetes The use of antidiabetic medication before the 
current ICU admission Yes/no

Chronic renal insufficiency

Serum creatinine greater than 177 µmol/L 
(2.0 mg/dL) combined with a medical history 
of chronic renal insufficiency prior to current 
ICU admission or the use of chronic  
hemodialysis or peritoneal dialysis prior to 
current ICU admission 

Yes/no
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Variable Description Treatment of variables in 
analyses

Chronic obstructive  
pulmonary disease or  
chronic respiratory  
insufficiency

Chronic use (more than six months) of bron-
chodilators or steroids indicated for chronic 
pulmonary problems or chronic restrictive, 
obstructive or vascular lung disease resulting 
in severe motility dysfunction or registered 
chronic hypoxia, secondary polycythemia, 
severe pulmonary hypertension (PAPsys-
>4mm Hg) or respiratory dependency. 

Yes/no

Chronic cardiovascular 
insufficiency

Angina pectoris or symptoms of fatigue, 
rapid/irregular heartbeat (palpitation) or 
shortness of breath (dyspnea) present at rest 
(New York Heart Association class IV).

Yes/no

Metastasized malignancy 
(neoplasm)

Clinically or pathology confirmed  
metastasized cancer or stage IV cancer;  
acute leukemia, multiple myeloma or  
malignant lymphoma; or actively treated 
chronic leukemia or related to current dis-
ease episode (sepsis, anemia, hyper viscosity, 
tumor lysis syndrome, pulmonary edema).

Yes/no

Immune insufficiency

Prolonged immunosuppressive therapy or 
corticosteroid use; active chemotherapy  
or radiotherapy in the past year prior to ICU 
admission; chemotherapy or radiotherapy  
for Hodgkin or non-Hodgkin lymphoma 
before ICU admission; humoral or cellular 
deficiencies.

Yes/no

Cardiac event in 24 hours 
before ICU admission

Cardiopulmonary resuscitation in the 24 
hours prior to ICU admission or  
hemodynamic instability in the 24 hours 
prior to ICU admission combined with one  
of the following: arrhythmia, paroxysmal  
tachycardia, atrium fibrillation, second or 
third grade AV blockage. 

Yes/no

Acute renal failure within 24 
hours of ICU admission

Renal replacement therapy or serum creati-
nine greater than 1.5mg/100mL (133µmol/L) 
over 24 hours associated with oliguria.

Yes/no

Mechanical ventilation in 
first 24 hours of ICU admis-
sion

The use of mechanical ventilation in the first 
24 hours of ICU admission. Yes/no

Vasoactive medication in 
first 24 hours of ICU admis-
sion

Continuous intravenous administration of 
vasopressors for at least one hour in the first 
24 hours of ICU admission.

Yes/no
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eTable 3. Multivariable analysis on the effect of diabetes on 90 day mortality in two different 
models.

Model 1 Model 2
Variable Odds ratio 95% CI Odds ratio 95% CI
Diabetes 1.90 1.63-2.20 1.33 1.12-1.57
Mild hypoglycemia 2.59 2.39-2.82 1.45 1.33-1.57
Severe hypoglycemia 5.61 4.54-6.94 2.10 1.70-2.58
Mild hyperglycemia 1.20 1.13-1.28 0.97 0.90-1.03
Severe hyperglycemia 1.57 1.48-1.68 0.95 0.89-1.03
Diabetes:mild hypoglycemia (interaction term) 0.76 0.65-0.90 - -
Diabetes:severe hypoglycemia (interaction term) 0.53 0.36-0.77 - -
Diabetes:mild hyperglycemia (interaction term) 0.61 0.51-0.72 0.74 0.71-0.91
Diabetes:severe hyperglycemia (interaction term) 0.52 0.44-0.61 0.77 0.64-0.93

Model 1: corrected for hyperglycemia, hypoglycemia and the interaction between these with diabetes.
Model 2: corrected for hyperglycemia, hypoglycemia, the interaction between hypoglycemia with diabetes and 
all other explanatory variables listed in eTable 2 in the Supplement (gender, age, year of admission, modified 
APACHE III acute physiology score, organ system of infection, body mass index, chronic renal insufficiency, 
chronic obstructive pulmonary disease, chronic cardiovascular insufficiency, metastasized malignancy, immune 
insufficiency, cardia event, acute renal failure, mechanical ventilation, vasoactive medication).
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eTable 4. Univariate analyses, p-values in addition to diabetes as main effect.

 P value 
interaction

P value 
main effect

Diabetes <0.0001
Age 0.7236 <0.0001
Gender 0.7311 0.0915
Body mass index catagory 0.0005 <0.0001
Admission source 0.3133 <0.0001
Admission type (medical) 0.0918 <0.0001
Chronic comorbid disease

Chronic obstructive pulmonary disease or respiratory insufficiency 0.0250 <0.0001
Chronic cardiovascular insufficiency 0.9635 <0.0001
Chronic renal insufficiency 0.0019 <0.0001
Metastasized malignancy (neoplasm) 0.5780 <0.0001
Immune insufficiency 0.0077 <0.0001

Acute comorbid disease
Acute renal failure within 24 hours of ICU admission <0.0001 <0.0001
Mechanical ventilation in first 24 hours of ICU admission 0.1029 <0.0001
Vasoactive medication in first 24 hours of ICU admission 0.9856 <0.0001
Cardiac event in 24 hours before ICU admission 0.0241 <0.0001

Modified APS 0.0002 <0.0001
Hypoglycemia 0.0030 <0.0001
Hyperglycemia <0.0001 <0.0001
Type of infection 0.4707 <0.0001
Year of admission 0.4871 <0.0001
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eTable 5. Distribution of different glucose strata during the first 24 hours in patients with and 
without diabetes.

Patients without diabetes

No hyperglycemia Mild hyperglycemia Severe hyperglycemia

No hypoglycemia 8842 13386 8254
Mild hypoglycemia 992 769 756
Severe hypoglycemia 148 111 149

Patients with diabetes

No hyperglycemia Mild hyperglycemia Severe hyperglycemia

No hypoglycemia 666 1896 4469
Mild hypoglycemia 173 230 492
Severe hypoglycemia 39 39 81



CHAPTER 7

212

eFigure 1.

A. Incidence of patients with or without diabetes admitted for infectious or non-infectious reasons to  
the Dutch ICUs included in the National Intensive Care Evaluation registration during the 5 year 
observational period. 
Solid lines depict admissions for non-infectious conditions, dashed lines depict admissions for sepsis. Blue lines 
depict patients without diabetes, red lines depict patients with diabetes.
B. 90-day survival in patients with or without diabetes after admission for infectious or non-infectious 
reasons. 
Solid lines depict admissions for non-infectious conditions, dashed lines depict admissions for sepsis. Blue lines 
depict patients without diabetes, red lines depict patients with diabetes.
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Key Points
•  Thrombocytopenia on intensive care unit admission is independently associated with 

increased mortality in patients with sepsis

•  Thrombocytopenia is associated with a more disturbed host response in critically ill 
patients with sepsis independent of disease severity.

Abstract
Preclinical studies have suggested that platelets influence the host response during sepsis. 
We sought to assess the association of admission thrombocytopenia with the presentation, 
outcome and host response in patients with sepsis. 931 consecutive sepsis patients were 
stratified according to platelet counts (very low <50x109/L, intermediate-low 50-99x109/L, 
low 100-149x109/L or normal 150-399x109/L) on admission to the intensive care unit. Sepsis 
patients with platelet counts <50x109/L and 50-99x109/L presented with higher APACHE 
scores and more shock. Both levels of thrombocytopenia were independently associated 
with increased 30 day mortality (hazard ratios with 95% confidence intervals 2.00 [1.32-
3.05] and 1.72 [1.22-2.44] respectively). To account for baseline differences besides 
platelet counts, propensity matching was performed, after which the association between 
thrombocytopenia and the host response was tested, as evaluated by measuring 17 plasma 
biomarkers indicative of activation and/or dysregulation of pathways implicated in sepsis 
pathogenesis and by whole genome blood leukocyte expression profiling. In the propensity 
matched cohort platelet counts <50x109/L were associated with increased cytokine levels 
and enhanced endothelial cell activation. All thrombocytopenic groups showed evidence 
of impaired vascular integrity, while coagulation activation was similar between groups. 
Blood microarray analysis revealed a distinct gene expression pattern in sepsis patients 
with <50x109/L platelets, showing reduced signaling in leukocyte adhesion and diapedesis, 
and increased complement signaling. These data show that admission thrombocytopenia 
is associated with enhanced mortality and a more disturbed host response during sepsis 
independent of disease severity, thereby providing clinical validity to animal studies on the 
role of platelets in severe infection.
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Introduction
Thrombocytopenia is a common finding in critically ill patients with an incidence ranging from 
20-50%1-3. A low platelet count has been associated with mortality in patients admitted to the 
Intensive Care Unit (ICU)1-5. Current knowledge of the relation between platelet counts and 
ICU outcome is mainly based on heterogeneous populations of critically ill medical, surgical 
and trauma patients. Multiple risk factors for the development of thrombocytopenia have 
been identified in ICU patients, among which sepsis prominently features1,2,4. A study focusing 
on critically ill patients with sepsis also reported an association between thrombocytopenia 
and mortality6; however, this relation was not confirmed in a larger investigation7.
While the role of platelets in blood clotting has been recognized for a long time, in more recent 
years multiple biological functions apart from hemostasis have been attributed to platelets8-10. 
For example, platelets have been shown to limit bacterial growth and dissemination in 
experimental sepsis11-14, to influence leukocyte recruitment and functions11,15-17, cytokine 
responses13,18-20, and activation of the vascular endothelium21 and the coagulation system22. 
Moreover, platelets aid in maintaining vascular integrity, especially in the context of 
a strong pro-inflammatory environment13,23,24. Our group recently demonstrated that 
thrombocytopenia results in an exaggerated host response to pneumonia derived sepsis in 
mice, as reflected by enhanced activation of the cytokine network, the vascular endothelium 
and the coagulation system13,14.
Although preclinical evidence indicating that platelets can influence key host responses 
to sepsis is abundant, clinical studies addressing this pathophysiological link are limited. 
We here sought to assess the association between ICU admission platelet counts and the 
presentation and outcome of sepsis patients. Moreover, we determined the association 
between ICU admission thrombocytopenia and the host response in critically ill patients 
with sepsis. For this we measured 17 plasma biomarkers indicative of activation of the 
cytokine network, the vascular endothelium and the coagulation system, and in an unbiased 
approach analysed whole-blood leukocyte transcriptomes in sepsis patients stratified by 
platelet counts.

Patients and Methods

Study design, setting, patient identification
This study was conducted as part of the “Molecular Diagnosis and Risk Stratification of Sepsis” 
(MARS) project, a prospective observational study in the mixed ICUs of two tertiary teaching 
hospitals (Academic Medical Center in Amsterdam and University Medical Center Utrecht in 
Utrecht)25,26. All consecutive patients above 18 years of age admitted between January 2011 
and July 2013 with an expected length of stay longer than 24 hours were included via an 
opt-out method approved by the medical ethical committees of the participating hospitals. 
For every admitted patient the plausibility of an infection was assessed using a four point 
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scale (ascending from none, possible, probable to definite) using Center for Disease Control 
and Prevention27 and International Sepsis Forum consensus definitions28, making use of all 
clinical, radiological and microbiological data, as described in detail25. Sepsis was defined 
as the presence of infection diagnosed within 24 hours after ICU admission with a probable 
or definite likelihood, accompanied by at least one additional parameter as described 
in the 2001 International Sepsis Definitions Conference29. Dedicated research physicians 
prospectively collected demographic, comorbidity (including the Charlson comorbidity 
index30; for definitions see the Supplement), and daily clinical (including microbiology) 
and interventional data. Severity indices included Acute Physiology and Chronic health 
Evaluation (APACHE) IV31 and modified Sequential Organ Failure Assessment (SOFA) scores. 
The contribution of coagulation (platelet counts) and central nervous system (not reliable 
due to sedation on ICU) were excluded. Specific organ failures were defined as a modified 
SOFA score of 3 or greater, except for cardiovascular failure for which a score of 1 or more 
was used32. Shock was defined by the use of vasopressors (noradrenaline) for hypotension 
in a dose of >0.1 µg/kg/min during at least 50% of the ICU day. Acute kidney injury and 
acute lung injury were assessed using strict pre-set criteria33,34. ICU-acquired complications 
were defined as events that started 2 days or more after ICU admission. The following 
admissions were excluded: transfers from other ICUs (except when transferred on the day 
of ICU admission), ICU readmissions within the same hospital admission or within 30 days 
after the first hospital admission, and patients with a hematologic malignancy, liver cirrhosis, 
splenectomy, thrombocytosis (≥400x109/L) or unknown platelet counts in the first 24 hours 
after ICU admission.
The lowest platelet count within the first 24 hours after ICU admission was used to stratify 
patients in groups with very low platelet counts (<50x109/L), intermediate-low platelet counts 
(50-99x109/L), low platelet counts (100-149 x109/L) or normal platelet counts (150-399 x109/L); 
boundaries were based on previous studies3,6,35. In a sensitivity analysis, patients were 
stratified in groups based on platelet count quartiles.

Plasma protein assays
On admission, plasma was stored within 4 hours after blood draw at -80oC. Measurements 
were done in EDTA anti-coagulated plasma. Tumor necrosis factor (TNF)-α, interleukin (IL)-
6, IL-8, IL-1β, IL-10, IL-13, interferon-γ, fractalkine, soluble intercellular adhesion molecule 
(ICAM)-1 and soluble E-selectin were measured by FlexSet cytometric bead array (BD 
Biosciences, San Jose, CA) using FACS Calibur (Becton Dickenson, Franklin Lakes, NJ). 
Angiopoietin-1, angiopoietin-2, protein C, antithrombin (all R&D systems, Abingdon, UK) and 
D-dimer (Procartaplex, eBioscience, San Diego, CA) were measured by Luminex multiplex 
assay using BioPlex 200 (BioRad, Hercules, CA). Prothrombin time (PT) and activated partial 
thromboplastin time (aPTT) were determined by using a photometric method with Dade 
Innovin Reagent or by Dade Actin FS Activated PTT Reagent, respectively (both Siemens 
Healthcare Diagnostics). Normal values were generated from plasma from 27 age- and 
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gender-matched healthy volunteers (included after written informed consent), except for PT 
and aPTT (reference values of routine laboratory).

Blood gene expression microarrays
Whole blood was collected in PAXgene™ tubes (Becton-Dickinson, Breda, the Netherlands) 
within 24 hours after ICU admission. Total RNA was isolated using the PAXgene blood mRNA 
kit (Qiagen, Venlo, the Netherlands) in combination with QIAcube automated system (Qiagen, 
Venlo, the Netherlands), according to the manufacturer’s instructions. RNA (RNA integrity 
number > 6.0) was processed and hybridized to the Affymetrix Human Genome U219 96-array 
and scanned by using the GeneTitan instrument at the Cologne Center for Genomics (CCG), 
Cologne, Germany, as described by the manufacturer (Affymetrix). See the Supplement 
for detailed methods used in microarray data pre-processing, differential gene expression 
analysis, bioinformatics and biological pathway analysis. Benjamini-Hochberg (BH) adjusted 
p-values defined significant differential gene expression and pathway enrichment.

Statistical analysis
All data were analyzed using R studio built under R version 3.2.2 (R Core Team 2013, 
Vienna, Austria)36. Data distribution was assessed by Shapiro-Wilk tests and histogram 
plots Categorical variables are presented as absolute numbers (percentages), parametric 
quantitative variables are presented as means ± standard deviation (SD) and nonparametric 
quantitative variables are presented as median and interquartile ranges (IQR, 25th and 75th 
percentiles. A Mann-Whitney U or a Kruskal-Wallis test was used to analyze continuous 
nonparametric data whereas continuous parametric data were analyzed using a student’s 
t-test or analysis of variance where appropriate. Post hoc testing of non-parametric data was 
performed using a Dunn's test of multiple comparisons using rank sums and by using Tuckey 
post hoc testing for parametric data. Categorical data were analyzed by chi square tests. P 
< 0.05 was considered to represent a statistically significant difference. A multivariable cox 
proportional hazard model was used to determine the association between differences in 
admission platelet counts and mortality by day 30. The covariables included in the model, 
based on baseline differences, were patient age, gender, APACHE IV acute physiology 
score, shock on admission and the baseline comorbidities cardiovascular insufficiency, 
hypertension, malignancy and peripheral vascular disease. R package survival was used for 
this analysis.
Considering that the release of host response biomarkers in sepsis often is proportional to 
disease severity37,38, we used propensity score matching to create groups with distinct platelet 
counts yet with comparable disease severity on ICU admission to determine the association 
between thrombocytopenia and the host response. For this, we used a logistic regression 
implemented in the R library MatchIt (version 2.4-21), including variables associated with 
disease severity and baseline variables that were different between groups or could be of 
influence on our parameter of interest or outcome. The propensity score included variables 
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also used in the multivariable cox proportional hazard model (see above). In order to enable 
inclusion of as many patients with severe thrombocytopenia as possible in the propensity 
matched analyses, first subjects in the very low platelet count group were matched 1:6 to 
patients in the normal platelet count group using nearest matching with a caliper of 0.20SD 
of the normally distributed propensity score. In a next run, the matched patients of the 
normal platelet count group were matched to the intermediate-low platelet count group in 
the same way, using a caliper of 0.20SD of the normally distributed propensity score, this 
time using 1:1 matching. Lastly, the remaining matched patients in the normal group were 
identified and used to 1:1 match to the low platelet count group, also using a caliper of 
0.20SD. This approach was taken to be able to compare all patients in each group to the 
patients in the other groups. In a sensitivity analysis (groups based on quartiles), propensity 
score matching was performed with similar methods, but using baseline variables age, 
gender, APACHE IV acute physiology score, shock on admission, malignancy and COPD, as 
these were significantly different between groups.

Figure 1. Platelet count over time stratified according to platelet counts on ICU admission.

Data are mean and standard error of the mean. Numbers below X axis indicate number of patients still present 
on the ICU for each group. 
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Results

Patient characteristics
The 2.5-year study period encompassed 1483 patients admitted to the ICU with sepsis. In 
total, 552 patients were excluded since they involved readmissions (n = 174), transfers from 
other ICUs (n = 129), hematologic malignancies (n = 92), liver cirrhosis (n = 23), splenectomy 
(n = 8) or thrombocytosis (n = 96), or because platelet counts within the first 24 hours of 
ICU admission were not available (n = 30). Of the remaining 931 admissions for sepsis, 61 
(6.6%) presented platelet counts of <50x109/L, 121 (13.0%) of 50-99x109/L, 167 (17.9%) of 
100-149x109/L and 580 (62.3%) in the normal range (150-399x109/L). Platelet counts remained 
relatively stable during the first 4-6 days after ICU admission across all groups (Figure 
1). Thereafter, platelet counts increased although patients with very low platelet counts 
remained thrombocytopenic for prolonged periods of time while in the ICU.
Patients with very low platelet counts were younger than patients with low (100-149x109/L) 
or normal platelet counts (150-399x109/L), had fewer comorbidities and were more often 
admitted for medical reasons (Table 1). The primary source of infection was largely similar 
between groups with a few exceptions: patients with normal platelet counts were more often 
admitted with pulmonary sepsis and less often with urinary sepsis. Patients with very low 
or intermediate-low platelet counts were more severely ill on ICU admission, as reflected by 
higher APACHE IV scores, higher APACHE IV acute physiology scores, higher modified SOFA 
scores and more shock (Table 1).

Table 1. Baseline characteristics and disease severity of sepsis patients stratified according to 
platelet counts on ICU admission.

Very low 
(<50x109/L)

Interme-
diate-low 

(50-99x109/L)

Low  
(100- 

149x109/L)

Normal 
(150- 

399x109/L)

P 
value

Patients,  
n(%)

61  
(6.6%)

121  
(13.0%)

167 
(17.9%)

580  
(62.3%)

Demographics

Age (years), median [IQR] 56.4 (14.6)*,† 58.5 (16.4)* 62.2 (13.9) 62.6 (14.4), 0.002

Gender male, n (%) 34 (55.7%) 66 (54.5%) 112 (67.1%) 349 (60.2%) 0.14

White race, n (%) 52 (85.2%) 105 (86.8%) 147 (88%) 509 (87.8%) 0.41

Chronic comorbidity

Modified Charlson comorbidity 
index§, median [IQR] 0 [0-1]*,† 1 [0-2]† 1 [0-3] 1 [0-2] 0.0002

Cardiovascular insufficiency, n (%) 9 (14.8%)† 27 (22.3%) 55 (32.9%) 146 (25.2%) 0.03

COPD, n (%) 5 (8.2%) 11 (9.1%) 24 (14.4%) 100 (17.2%) 0.05

Diabetes Mellitus, n (%) 7 (11.5%) 21 (17.4%) 38 (22.8%) 121 (20.9%) 0.22
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Very low 
(<50x109/L)

Interme-
diate-low 

(50-99x109/L)

Low  
(100- 

149x109/L)

Normal 
(150- 

399x109/L)

P 
value

Patients,  
n(%)

61  
(6.6%)

121  
(13.0%)

167 
(17.9%)

580  
(62.3%)

Hypertension, n (%) 9 (14.8%)*,† 35 (28.9%) 59 (35.3%) 191 (32.9%) 0.02

Malignancy, n (%) 6 (9.8%) 16 (13.2%) 31 (18.6%) 113 (19.5%) 0.13

Peripheral vascular disease, n (%) 6 (9.8%) 17 (14.0%) 34 (20.4%)* 69 (11.9%) 0.03

Renal insufficiency, n (%) 11 (18.0%) 22 (18.2%) 27 (16.2%) 86 (14.8%) 0.76

Use of anti-platelet drugs|| 10 (16.4%) 31 (25.6%) 49 (29.3%) 172 (29.7%) 0.27

Medical admission type, n (%) 53 (86.9%)*,†,‡ 83 (68.6%) 113 (67.7%) 425 (73.3%) 0.02

Primary source of infection, n (%)

Respiratory tract 22 (36.1%)* 37 (30.6%)* 63 (37.7%)* 305 (52.6%) 0.001

Abdomen 16 (26.2%) 35 (28.9%) 37 (22.2%) 116 (20.0%) 0.16

Cardiovascular 8 (13.1%) 19 (15.7%) 29 (17.4%) 80 (13.8%) 0.63

Urinary tract 10 (16.4%) 23 (19.0%)* 27 (16.2%) 57 (9.8%) 0.01

Skin 5 (8.2%) 7 (5.8%) 11 (6.6%) 22 (3.8%) 0.23

Severity of disease

APACHE IV score, median [IQR] 104  
[84-131]*,†,‡

85  
[69-112]†

77  
[63-99]

76  
[60-94] <.0001

APACHE IV APS, median [IQR] 89 [73-119]*,†,‡ 75 [55-94]*,† 65 [50-85] 64 [48-79] <.0001

Modified SOFA| 10 [7-12]*,† 8 [6-10]*,† 7 [5-9]* 7[4-8] <.0001

Septic shock, n (%) 33 (54.1%)*,† 60 (49.6%)*,† 62 (37.1%)* 165 (28.4%) 0.001

Mechanical ventilation, n (%) 44 (72.1%) 85 (70.2%) 115 (68.9%) 406 (70%) 0.98

Organ failure, n (%) 53 (86.9%) 100 (82.6%) 143 (85.6%) 479 (82.6%) 0.20

Acute kidney injury, n (%) 34 (55.7%)* 61 (50.4%)* 75 (44.9%)* 177 (30.5%) 0.001

Acute lung injury, n (%) 22 (36.1%) 36 (29.8%) 38 (22.8%) 132 (22.8%) 0.07

Data are means (standard error of the mean), medians [interquartile ranges] or numbers and percentages. 
*  Significant versus normal platelet count (150-399x109/L) using a Dunn’s Test of multiple comparisons using 

rank sums.
†  Significant versus low platelet count (100-149x109/L) using a Dunn’s Test of multiple comparisons using rank 

sums.
‡  Significant versus intermediate-low platelet count (50-99x109/L) using a Dunn’s Test of multiple comparisons 

using rank sums.
APACHE IV APS; Acute Physiology and Chronic health Evaluation-IV, Acute Physiology Score.
§  Modified Charlson comorbidity was calculated without the contribution of age
|  Modified SOFA was calculated without the contribution of SOFA coagulation
||  Use of antiplatelet drugs: use prior to ICU admission as chronic medication (carbasalate calcium, acetylsalicylic 

acid, clopidogrel, dipyridamol)  
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Sepsis course and outcome
ICU and hospital lengths of stay were similar between groups (Table 2). Admission 
thrombocytopenia was not associated with an altered incidence of ICU-acquired acute 
kidney or lung injury. Very low and intermediate low platelet counts on ICU admission were 
associated with higher ICU mortality (Table 2), as well as with higher mortality at day 30 
(Figure 2) and up to one year after ICU admission (Table 2). In a multivariable cox regression 
analysis patients with very low and intermediate low platelet counts showed an increased 
risk for mortality by day 30 compared to patients with normal platelet counts (hazard ratios 
with 95% confidence intervals 2.00 [1.32-3.05] and 1.72 [1.22-2.44] respectively).

Table 2. Outcome of sepsis patients stratified according to platelet counts on ICU admission.

Very low 
(<50x109/L)

Interme-
diate-low 

(50-99x109/L)

Low 
(100-149x109/L)

Normal 
(150-399x109/L)

P 
value

Patients, n(%) 61 (6.6%) 121 (13.0%) 167 (17.9%) 580 (62.3%)

Length of stay median [IQR]

Length of ICU stay (d) 5 [2-9] 3 [2-8] 5 [2-10] 5 [2-10] 0.83

Length of hospital stay (d) 20 [8-33] 21 [9-45] 24 [11-49] 23 [12-45] 0.21

ICU-acquired complications, 
n (%)

None 51 (83.6%) 105 (86.8%) 133 (79.6%) 476 (82.1%) 0.43

Acute kidney injury 2 (3.3%) 6 (5.0%) 17 (10.2%) 50 (8.6%) 0.19

Acute lung injury 2 (3.3%) 2 (1.7%) 8 (4.8%) 29 (5.0%) 0.40

Mortality, n (%)

ICU 29 (47.5%)*,†,‡ 40 (33.1%)*,† 27 (16.2%) 82 (14.1%) <.001

Hospital 34 (55.7%)*,† 56 (46.3%)*,† 46 (27.5%) 156 (26.9%) <.001

30 days 33 (54.1%)*,†,‡ 45 (37.2%)*,†, 42 (25.1%) 132 (22.8%) <.001

60 days 34 (55.7%)*,†,‡ 54 (44.6%)*,† 48 (28.7%) 160 (27.6%) <.001

90 days 38 (62.3%)*,† 60 (49.6%)*,† 53 (31.7%) 180 (31.0%) <.001

1 year 43 (70.5%)*,† 68 (56.2%)*,† 71 (42.5%) 244 (42.1%) <.001

*  Significant versus normal platelet count (150-399x109/L) using a Dunn’s Test of multiple comparisons using 
rank sums.

†  Significant versus low platelet count (100-149x109/L) using a Dunn’s Test of multiple comparisons using rank 
sums.

‡  Significant versus intermediate-low platelet count (50-99x109/L) using a Dunn’s Test of multiple comparisons 
using rank sums.
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Figure 2. Thirty-day Kaplan Meier survival plots of sepsis patients stratified according to platelet 
counts on ICU admission.

Activation of the cytokine network
As disease severity can strongly influence the release of host response biomarkers in 
sepsis37,38, we used propensity score matching to create groups with distinct platelet counts 
yet with comparable disease severity on ICU admission. Demographics, chronic comorbidities 
and disease severity were not different between propensity matched groups (eTable 1 in 
the Supplement). As expected37,38, sepsis patients displayed a profound activation of the 
cytokine network, as reflected by elevated plasma levels of IL-6, IL-8 and IL-10 (Figure 3). In 
the unmatched cohort, patients with thrombocytopenia presented with increased levels of 
IL-6, IL-8 and IL-10 (eTable 2 in the Supplement). In the matched cohort, patients with very 
low platelet counts still had higher IL-8 and IL-10 levels (Figure 3). The plasma concentrations 
of TNF-α, interferon-γ, IL-1β and IL-13 were undetectable or very low in the vast majority of 
patients and not different between groups (data not shown).
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Figure 3. Cytokine levels in sepsis patients on ICU admission stratified according to platelet 
counts in the propensity matched cohort.  

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5 IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. IL; interleukin 
* P ≤ 0.05 using a Dunn’s Test of multiple comparisons using rank sums.

Activation of the vascular endothelium
Sepsis patients displayed activation of the vascular endothelium (elevated plasma 
concentrations of soluble E-selectin, soluble ICAM-1, fractalkine) and loss of vascular integrity 
(increased levels of angiopoietin-2 and reduced levels of angiopoietin-1) (Figure 4).  In the 
unmatched cohort patients with thrombocytopenia presented with higher levels of soluble 
E-Selectin, soluble ICAM-1, fractalkine and angiopoietin-2, as well as a more profound loss of 
angiopoietin-1 resulting in an increased angiopoetin-2:1 ratio (eTable 2 in the Supplement). 
The associations between platelet counts and these markers of endothelial activation 
and integrity largely remained in the matched cohort; only soluble E-selectin did not differ 
between groups anymore (Figure 4).
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Figure 4. Endothelial cell activation markers in sepsis patients on ICU admission stratified 
according to platelet counts in the propensity matched cohort. 

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy aged matched subjects. ICAM; intercellular adhesion molecule. 
*     P ≤ 0.05 using a Dunn’s Test of multiple comparisons using rank sums, 
**   P ≤ 0.01 using a Dunn’s Test of multiple comparisons using rank sums, 
*** P ≤ 0.001 using a Dunn’s Test of multiple comparisons using rank sums. 

Activation of the coagulation system
Sepsis patients had prolonged aPTT and PT, elevated plasma levels of D-dimer and reduced levels 
of the anticoagulants antithrombin and protein C indicative of a net procoagulant state (Figure 5).
In the unmatched cohort, thrombocytopenia was associated with prolonged aPTT and PT, higher 
D-dimer and lower antithrombin concentrations (eTable 2 in the Supplement). In the matched 
cohort, the association between platelet counts and coagulation only remained for antithrombin 
levels (Figure 5).
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Figure 5. Coagulation markers in sepsis patients on ICU admission stratified according to platelet 
counts, in the propensity matched cohort. 

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. * P ≤ 0.05 using a Dunn’s Test of multiple comparisons using rank sums. aPTT, 
activated partial thromboplastin time; PT, prothrombin time.

Blood leukocyte transcriptome analysis
Using an unbiased approach we compared the blood leukocyte transcriptome of patients 
with very low platelet counts (<50x109/L, n = 21) to those with normal platelet counts 
(150-399x109/L, n = 32); this analysis comprised the propensity matched cohort, using a 
subgroup of consecutive patients enrolled during the first 1.5 years of this study. Genome-
wide blood gene expression profiles of these sepsis patients were initially compared to 42 
healthy controls. Both thrombocytopenic patients and patients with normal platelet counts 
displayed strong transcriptional alterations (Figure 6A). 80% of the altered transcriptomes 
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was common to both sepsis groups (Figure 6B). Pathway analysis revealed common over-
expressed genes associated to typical pro-inflammatory, anti-inflammatory and Toll-like 
receptor signalling pathways (eFigure 1 in the Supplement). Common under-expressed genes 
associated to primarily T cell signalling pathways as well as EIF2 (translation) and MTOR 
(metabolic) signalling pathways (eFigure 1 in the Supplement). Unique gene expression 
signatures were also uncovered for each sepsis group (Figure 6A). Indeed, differential gene 
expression analysis revealed 234 genes (multiple-comparison adjusted P < 0.05) (Figure 6C). 
Pathway analysis showed that over-expressed genes in thrombocytopenic patients were 
significantly associated to the complement system pathway including subcomponents to 
complement component 1 (C1QA, C1QB and C1QC; Figure 6D-E). Under-expressed genes 
associated to predominantly leukocyte mobility pathways, including agranulocyte adhesion 
and diapedesis (Figure 6D-E).

Figure 6. The leukocyte genomic responses and associated biological pathways in sepsis patients 
with thrombocytopenia, in the propensity matched cohort. 
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(A) Venn-Euler representation of differentially expressed genes in sepsis patients with very low platelet counts 
(<50x109/L, thrombocytopenia) and normal platelet counts (150-399x109/L, normal) versus healthy subjects 
(adjusted p < 0.05). Red arrows denote over-expressed genes; blue arrows denote under-expressed genes. 
(B) Dot plot depicting the common response (log2 foldchanges) of patients with very low and normal platelet 
counts as compared to healthy subjects. rho, Spearman’s correlation coefficient. (C) Volcano plot illustrating 
the differences in leukocyte genomic responses (integrating log2 foldchanges and multiple-test adjusted 
probabilities) between sepsis patients with thrombocytopenia (<50x109 platelets/L) and normal counts (150-
399x109 platelets/L). Considering adjusted p < 0.05, 234 genes were identified as differentially expressed. Red 
dots denote significantly over-expressed genes whereas blue dots denote significantly under-expressed genes 
in thrombocytopenic patient samples. Horizontal black line indicates multiple-test adjusted (Benjamini-
Hochberg, BH) p < 0.05 threshold. (D) Over-expressed genes in thrombocytopenic sepsis patients associated to 
the complement signalling pathway (red bar). Under-expressed genes associated to predominantly leukocyte 
mobility, adhesion and extravasation pathways (blue bars). –log (BH) p, negative log-transformed Benjamini-
Hochberg adjusted p-values. (E) Heatmap plots of significantly (adjusted p < 0.05) differential gene expression 
indices pertaining to the complement system and (a)granulocyte adhesion and diapedesis pathways. Red rows 
denote over-expression; blue rows under-expression.

Sensitivity analysis
We performed an alternative analysis dividing patients into quartiles of platelet counts 
(Quartile One 0-116x109/L, n = 235; Quartile Two 117-181x109/L, n = 234; Quartile Three 
182-251x109/L, n = 228; Quartile Four 251-399x109/L, n = 232) (eTable 3 in the Supplement). 
Notably, this approach is clinically less relevant since only Quartile One exclusively consists 
of patients with thrombocytopenia and even in this quartile patients with various degrees 
of thrombocytopenia are grouped together. Nonetheless most results from our preferred 
analysis were reproduced. Patients with the lowest platelet counts (Quartile One) presented 
with more severe disease, as indicated by higher APACHE IV scores and more shock, and had 
the highest mortality rates up to one year after ICU admission (eTable 3 in the Supplement). 
We performed propensity matching to enable analysis of the host response in patients in 
different platelet count quartiles with similar disease severities (eTable 4 in the Supplement). 
Akin the analysis shown in Figures 3-5, patients with the lowest platelet counts (Quartile One) 
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had higher IL-10, soluble E-selectin, soluble ICAM-1, fraktalkine, and angiopoetin-2:1 ratios 
and lower antithrombin levels when compared with patients with normal platelet counts 
(Quartiles Three and Four) (eTable 3 in the Supplement). Additionally, patients from Quartile 
One had a unique gene expression signature compared to those in Quartile Four (eFigure 
2 in the Supplement), which copied the differences in the analysis based on stratification 
according to predefined platelet count strata (shown in Figure 6).

Discussion
Platelets are versatile effector cells involved in hemostasis, inflammation, leukocyte functions 
and endothelial cell activation. While multiple preclinical investigations have indicated that 
these pleiotropic platelet functions can influence the course and outcome of experimental 
sepsis10,13,14,19, the role of platelets in the host response to human sepsis is less well studied. 
To our knowledge this is the first investigation in humans to study the association between 
platelet counts and activation of host response pathways relevant for sepsis pathogenesis. We 
measured 17 plasma biomarkers indicative of activation of the cytokine network, the vascular 
endothelium and the coagulation system, and - in an unbiased approach - we evaluated 
the genomic response of blood leukocytes in a well-documented patient population with 
a sample size that allowed for propensity matching and thereby analyses of patients with 
different platelet counts and otherwise similar baseline characteristics. Our main finding was 
that severe thrombocytopenia is associated with enhanced activation of the cytokine network 
and the vascular endothelium, a more profound loss of vascular integrity, and a distinct whole-
blood leukocyte transcriptome pattern revealing decreased leukocyte adhesion, diapedesis 
and extravasation signaling. These results suggest that low platelet counts independently 
associate with a more disturbed host response and provide indirect proof for the clinical 
validity of animal studies on the role of platelets in the pathogenesis of sepsis.
Our study, encompassing 931 consecutive sepsis patients, is the largest to date to determine 
the association between thrombocytopenia and sepsis presentation and outcome. Patients 
with low platelet counts (<100x109/L) were more severely ill, as indicated by higher APACHE 
IV and SOFA scores, and more shock and organ failure. Moreover, patients with platelet 
counts <100x109/L had an increased mortality up to one year after ICU admission and 
in a multivariable cox regression analysis these low platelet counts were independently 
associated with an enhanced mortality at day 30. These findings are in accordance with 
a previous study in 69 patients with septic shock that reported an association between 
admission thrombocytopenia and higher SOFA scores, vasopressor requirement and 
mortality6. Another investigation, encompassing 304 sepsis patients, found no association 
between thrombocytopenia and mortality, but did report an independent association 
between non-resolution of thrombocytopenia and mortality7. This latter study7 differed from 
the current analysis by its retrospective nature and inclusion of almost exclusively septic 
shock patients (93% versus 40% in the present study).
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We measured 17 plasma biomarkers to obtain insight in the activation of distinct host 
response pathways known to contribute to the pathological sequelae of sepsis. Most 
differences in host response biomarkers between patients with thrombocytopenia and 
those with normal platelet counts remained after propensity matching, suggesting that low 
platelet counts on ICU admission may influence distinct host response pathways during 
human sepsis independent of disease severity. While the current observational findings 
do not prove a causal relationship between thrombocytopenia and a more disturbed host 
response in sepsis, investigations in mice suggest that platelets may indeed modify pivotal 
inflammatory reactions during severe infection. In accordance with increased IL-8 and IL-10 
levels in patients with <50x109/L platelets, mice depleted of platelets had increased cytokine 
concentrations during endotoxemia19 and sepsis13, and blood from platelet-depleted mice 
showed increased cytokine production in response to Klebsiella pneumoniae13. In murine 
sepsis platelets attenuated cytokine release at least in part via platelet Glycoprotein 1b, the 
Von Willebrand Factor receptor39. We found that thrombocytopenic sepsis patients showed 
evidence of more profound activation of endothelial cells (elevated plasma soluble ICAM-
140 and fractalkine levels41) and a reduced vascular integrity (higher angiopoietin-2:1 ratios)40 
relative to patients with normal platelet counts. The angiopoietin-2:1 ratio is an indicator 
of acute vascular dysfunction, supported by clinical studies and investigations in knockout 
mice42,43. This interaction between platelets and endothelial cells is in line with several in 
vitro and animal studies. Platelets can physically block gaps in the vascular lining, promote 
endothelial cell growth and ultrastructure and can secrete soluble factors that enhance barrier 
function, such as serotonin and angiopoietin-144. Platelets can adhere to the endothelium 
and secrete mediators such as IL-1β and CD154 which can promote activation of the 
endothelium9,45 and platelets aid in maintaining vascular integrity, especially in a strong pro-
inflammatory environment13,23,24. Finally, the fact that the plasma concentrations of D-dimer, 
a split product of cross-linked fibrin, were similar in patients with different platelet numbers 
suggests that the coagulation cascade was not hindered by decreased platelet counts, which 
is corroborated by similar findings in thrombocytopenic mice with sepsis13,14.
By using whole blood genome-wide transcriptional profiling of leukocytes we were able to 
assess the association between thrombocytopenia and thousands of molecular signaling 
events. The vast majority of the leukocyte genomic response to sepsis was common in 
patients with and without thrombocytopenia. This common response included typical 
pro-inflammatory, anti-inflammatory, metabolic and T cell signaling pathways, which is in 
accordance with previous studies26,46. Pathways with reduced expression in patients with 
<50x109/L platelets relative to patients with normal platelet counts predominantly involved 
leukocyte adhesion, extravasation and diapedesis. In this respect it should be noted that 
the axonal guidance signaling pathway largely entails genes involved in cytoskeletal 
reorganization (for example TUBA8, TUBB and PXN), while Ephrin receptor signaling is 
important for leukocyte adhesion47-49. During inflammation, leukocytes are recruited to 
the site of infection, where a multistep process takes place which includes rolling, binding 
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and integrin activation, leading to extravasation from the vessel. Various murine and ex 
vivo studies have identified a role for platelets in all steps of leukocyte recruitment and 
extravasation8,10. Platelets can aid in recruitment of neutrophils to the site of infection50,51, and 
can drive neutrophil migration, crawling and cytoskeletal reorganization52-54. Additionally, 
activated platelets can increase leukocyte integrin activation, which allows firm adhesion of 
leukocytes to the endothelium before extravasation8,55-57. Our array analysis supports these 
preclinical data and suggest that platelets contribute to these leukocyte functions in patients 
with sepsis. Complement signaling was the only pathway that was upregulated in leukocytes 
of patients with thrombocytopenia. Complement activation is a widely reported host 
response in patients with sepsis58,59. We did not measure complement activation products 
in our cohort, which requires immediate blood processing in anticoagulants containing 
protease inhibitors. Therefore, it remains to be established whether thrombocytopenia 
is associated with enhanced complement activation in patients with sepsis. Notably, 
since arrays were performed in whole blood, it is possible that platelet RNA contributes 
to differences in transcriptional profiles in patients with and without thrombocytopenia. 
However, as leukocytes contain approximately a 12,500 fold higher concentration of RNA 
compared to platelets60, it is likely that transcripts are mainly leukocyte derived.
Our study has strengths and limitations. We studied a large prospectively enrolled cohort in 
which patients were meticulously characterized according to strict criteria. We implemented 
propensity matching to correct for differences in disease severity between patients with 
different platelet counts. We performed a sensitivity analysis that yielded similar results. 
Nonetheless, a bias may have remained after propensity matching due to unmeasured 
confounders. Data were collected in two ICUs in the Netherlands, which may limit the 
generalizability.
To conclude, critically ill sepsis patients with thrombocytopenia (<50 and 50-99x109/L) 
on ICU admission demonstrated increased disease severity and mortality. Admission 
thrombocytopenia (<50x109/L) was associated with elevated plasma levels of IL-8 and IL-10, 
increased endothelial cell activation, enhanced disturbance of the vascular integrity and 
decreased leukocyte adhesion and migration signaling, independent of disease severity. 
These observational data taken together with functional data in animal sepsis models 
suggest that thrombocytopenia may aggravate part of the disturbed host response during 
sepsis.
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Methods

Comorbidities
Cardiovascular insufficiency was defined as a medical history of congestive heart failure, 
chronic cardiovascular disease, peripheral vascular disease or cerebrovascular disease. 
Malignancy was defined as a medical history of either non-metastatic solid tumor or 
metastatic malignancy. Patients with a history of chronic renal insufficiency or with chronic 
intermitted hemodialysis or continuous ambulatory peritoneal dialysis were marked as renal 
insufficient. 

Blood gene expression microarrays
Raw data scans (.CEL files) were read into the R language and environment for statistical 
computing (version 2.15.1; R Foundation for Statistical Computing, Vienna, Austria; http://
www.R-project.org/). Pre-processing and quality control was performed by using the Affy 
package version 1.36.11. Array data were background corrected by Robust Multi-array Average, 
quantiles-normalized and summarized by medianpolish using the expresso function (Affy 
package). The resultant 49,386 log-transformed probe intensities were filtered by means of 
a 0.5 variance cutoff using the genefilter method2 to recover 24,646 expressed probes in at 
least one sample. The occurrence of non-experimental chip effects was evaluated by means 
of the Surrogate Variable Analysis (R package version 3.4.0)3 and corrected by the empirical 
Bayes method ComBat4. The non-normalized and normalized MARS gene expression data 
sets are available at the Gene Expression Omnibus public repository of NCBI under accession 
number GSE65682.
The 24,646 probes were assessed for differential abundance across healthy subject, no-
CAP and CAP patient samples by means of the limma method (version 3.14.4)5,6. Supervised 
analysis (comparison between pre-defined groups) was performed by moderated t statistics. 
Throughout Benjamini-Hochberg (BH)7 multiple comparison adjusted probabilities, 
correcting for the 24,646 probes (false discovery rate < 5%), defined significance.
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eTable 1. Baseline characteristics and disease severity of sepsis patients stratified by platelet 
count at ICU admission after propensity matching.

Very low 
(<50x109/L)

Interme-
diate-low 

(50-99x109/L)

Low 
(100-149x109/L)

Normal 
(150-399x109/L)

P 
value

Patients, n (%) 46 (4.9%) 88 (9.5%) 65 (7.0%) 65 (7.0%)
Demographics

Age (years), median [IQR] 57 [48-69] 61 [54-70] 59 [50-72] 63 [53-72] 0.74

Gender male, n (%) 25 (54.3%) 53 (60.2%) 45 (69.2%) 46 (70.8%) 0.22

White race, n (%) 41 (89.1%) 76 (86.4%) 60 (92.3%) 58 (89.2%) 0.77

Chronic comorbidity
Modified Charlson comorbidity 
index§, median [IQR] 0 [0-1] 0.5 [0-2] 1 [0-2] 1 [0-2] 0.09

Cardiovascular insufficiency, n (%) 9 (19.6%) 15 (17.0%) 19 (29.2%) 19 (29.2%) 0.18

COPD, n (%) 5 (10.9%) 7 (8.0%) 10 (15.4%) 12 (18.5%) 0.23

Diabetes Mellitus, n (%) 4 (8.7%) 16 (18.2%) 11 (16.9%) 11 (16.9%) 0.53

Hypertension, n (%) 8 (17.4%) 21 (23.9%) 21 (32.3%) 18 (27.7%) 0.34

Malignancy, n (%) 4 (8.7%) 14 (15.9%) 9 (13.8%) 10 (15.4%) 0.73

Peripheral vascular disease, n (%) 6 (13.0%) 8 (9.1%) 12 (18.5%) 12 (18.5%) 0.27

Renal insufficiency, n (%) 8 (17.4%) 17 (19.3%) 10 (15.4%) 13 (20.0%) 0.89

Use of anti-platelet drugs|| 7 (15.2%) 21 (23.9%) 17 (26.2%) 18 (27.7%) 0.65

Medical admission type, n (%) 40 (87.0%) 64 (72.7%) 46 (70.8%) 53 (81.5%) 0.13

Primary infection source, n (%)

Pulmonary tract 18 (39.1%) 29 (33.0%) 24 (36.9%) 35 (53.8%) 0.07

Abdominal tract 11 (23.9%) 27 (30.7%) 13 (20.0%) 15 (23.1%) 0.46

Cardiovascular 8 (17.4%) 12 (13.6%) 11 (16.9%) 10 (15.4%) 0.92

Urinary tract 7 (15.2%) 16 (18.2%) 12 (18.5%) 4 (6.2%) 0.16

Skin 2 (4.3%) 4 (4.5%) 5 (7.7%) 1 (1.5%) 0.43

Severity of disease

APACHE IV score, median [IQR] 90 [80-109] 79 [64-108] 84 [71-104] 84 [70-99] 0.37

APACHE IV APS, median [IQR] 80.5 [69-96] 71.5 [53-89] 71 [59-91] 71 [63-85] 0.21

Modified SOFA|, median [IQR] 8 [6-11] 7 [6-10] 8 [6-9] 7 [6-9] 0.20

Septic shock, n (%) 23 (50.0%) 34 (38.6%) 28 (43.1%) 30 (46.2%) 0.61

Mechanical ventilation, n (%) 31 (67.4%) 56 (63.6%) 47 (72.3%) 44 (67.7%) 0.74

Organ failure, n (%) 39 (84.8%) 70 (79.5%) 57 (87.7%) 58 (89.2%) 0.86

Acute kidney injury, n (%) 23 (50.0%) 42 (47.7%) 33 (50.8%) 28 (43.1%) 0.83

Acute lung injury, n (%) 16 (34.8%) 21 (23.9%) 18 (27.7%) 9 (13.8%) 0.08

§ Modified Charlson comorbidity was calculated without the contribution of age
|  Modified SOFA was calculated without the contribution of SOFA coagulation.
||  Use of antiplatelet drugs: use prior to ICU admission as chronic medication (carbasalate calcium, acetylsalicylic 

acid, clopidogrel, dipyridamol) 
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eTable 2. Plasma biomarkers in unmatched cohort stratified by platelet count at ICU admission. 

Very low  
(<50x109/L)

Intermediate-low 
(50-99x109/L)

Low 
(100-149x109/L)

Normal 
(150-399x109/L)

P 
value

Cytokines N = 49 N = 109 N = 133 N = 485

Interleukin-6 (pg/mL) 645.9 [93.9-3787.9]* 318.9 [59.7-3509.4]* 290.3 [61.0-2202.6]* 131.8 [36.3-661.0] <.0001

Interleukin-8 (pg/mL) 1515.9 [217.7-
6713.5]*,†,‡ 215.2 [85.9-907.2]* 146.7 [52.0-692.5]* 97.7 [37.6-278.8] <.0001

Interleukin-10 (pg/mL) 76.2 [19.0-595.9]*,†,‡ 21.1 [8.1-86.2]* 26.4 [6.6-72.7]* 9.5 [3.8-30.5] <.0001

Endothelial cell activation

sE-Selectin (ng/mL) 20.3 [10.1-69.9]*,† 16.2 [6.7-30.4]* 11.5 [5.6-33] 10.2 [5.0-21.2] <.0001

sICAM-1 (ng/mL) || 379.8 [268.0-527.7]*,†,‡ 229.1 [135.5-359.5]* 176.4 [103.8-280.8] 166.1 [100.7-271.4] <.0001

Fraktalkine (pg/mL) 99.6 [48.5-206.9]*,†,‡ 38.2 [18.2-82.7]* 30.0 [18-65.7]* 24.1 [16.7-36.9] <.0001

Angiopoietin-1 (ng/mL) 0.6 [0.3-1.1]*,†,‡ 0.9 [0.5-2.2]*,† 1.4 [0.7-3.9]* 3.0 [1.3-6.7] <.0001

Angiopoietin-2 (ng/mL) 16.2 [5.8-39.9]*,†,‡ 8.5 [3.9-22.0]* 7.8 [3.7-16.4] 6.6 [3.0-12.4] <.0001

Angiopoietin-2:1 ratio 20.9 [6.7-106.2]*,†,‡ 7.5 [2.2-28]* 5.35 [1.3-16.8] 1.78 [0.6-5.5] <.0001

Coagulation & Fibrinolysis

D-dimer (µg/mL) 14.1 [6.8-23.5]*,† 10.1 [5.4-19.8]* 8.8 [3.9-16.1] 8.5 [3.6-15.5] 0.001

Protein C (ng/mL) 97.7 [81.2-119.9] 106.9 [77.3-147.6] 106.79 [81.1-148.0] 114.9 [87.8-155.1] 0.05

Antithrombin (ng/mL) 586.5  
[369.2-862.11]*

645.8  
[478.4-969.4]*

635.6  
[471.5-961.4]*

776.1  
[539.7-1078.1] <.001

PT (sec) 20 [15.3-24.3]*,†,‡ 16.6 [14-20.5]* 15.5 [13.0-19.5] 15.3 [12.7-18] <.0001

APTT (sec) 45 [36-63.8]* 41 [34-65.5]* 43 [32.5-54.5]* 36.5 [30-47] <.0001

Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
Abbreviations: aPTT, activated partial thromboplastin time; IQR= inter quartile range. IL. interleukin; PT, 
prothrombin time; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; || soluble 
intercellular adhesion molecule-1 also originates from leukocytes. The plasma concentrations of tumor necrosis 
factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very low in the vast majority of patients and not 
different between groups (data not shown).
*  Significant versus normal platelet count (150-399x109/L) using a Dunn's Test of multiple comparisons using 

rank sums.
†  Significant versus low platelet count (100-149x109/L) using a Dunn's Test of multiple comparisons using rank 

sums.
‡  Significant versus intermediate-low platelet count (50-99x109/L) using a Dunn's Test of multiple comparisons 

using rank sums
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eTable 3. Baseline characteristics and mortality of sepsis patients stratified according to platelet 
counts quartiles on ICU admission.

First Quartile  
(0-116x109/L)

Second Quartile  
(117-181x109/L)

Third Quartile  
(182-251x109/L)

Fourth Quartile  
(252-399x109/L)

P value

Patients, n(%) 235 (25%) 234(25%) 228(25%) 232(25%)

Demographics

Age (years), median 
[IQR] 60 [49-71]* 64 [54-72]‡ 64 [53-72] 66.5 [57-74] <.01

Gender male, n (%) 140 (59.6%) 158 (67.5%)† 125 (54.8%) 138 (59.5%) 0.05

White race, n (%) 206 (87.7%) 201 (85.9%) 200 (87.7%) 206 (88.8%) 0.99

Medical admission type, n (%) 168 (71.5%) 174 (74.4%) 160 (70.2%) 172 (74.1%) 0.72

Severity of disease
APACHE IV score,  
median [IQR] 87 [69-114]*,†,‡ 77.5 [62-100] 73 [61-92] 78 [58-93] 0.03

APACHE IV APS,  
median [IQR] 75 [56-102]*,†,‡ 65 [50-86] 63 [49-78] 65 [47-78] <.0001

Modified SOFA| 8 [6-10]*,†,‡ 7 [5-8]*,† 6 [4-8] 6 [4-8] <.0001

Septic shock, n (%) 118 (50.2%)*,†,‡ 73 (31.2%) 68 (29.8%) 61 (26.3%) <.001

Mechanical ventilation, 
n (%) 168 (71.5%) 174 (74.4%) 160 (70.2%) 172 (74.1%) 0.58

Organ failure, n (%) 200 (85.1%) 197 (84.2%) 188 (82.5%) 192 (82.8%) 0.07

Mortality, n (%)

ICU 80 (34.0%)*,†,‡ 35 (15.0%) 26 (11.4%) 37 (15.9%) <.001

Hospital 106 (45.1%)*,†,‡ 66 (28.2%) 51 (22.4%) 69 (29.7%) <.001

30 days 93 (39.6%)*,†,‡ 57 (24.4%) 40 (17.5%)* 62 (26.7%) <.001

60 days 104 (44.3%)*,†,‡ 65 (27.8%) 52 (22.8%) 75 (32.3%) <.001

90 days 116 (49.4%)*,†,‡ 74 (31.6%) 61 (26.8%) 80 (34.5%) <.001

1 year 134 (57.0%)*,†,‡ 105 (44.9%) 89 (39.0%) 98 (42.2%) <.01

APACHE IV APS; Acute Physiology and Chronic health Evaluation-IV, Acute Physiology Score. 
|  Modified SOFA was calculated without the contribution of SOFA coagulation and SOFA CNS 
* Significant versus Quartile Four (251-399x109/L) using a Dunn's Test of multiple comparisons using rank sums. 
† Significant versus Quartile Three (182-251x109/L) using a Dunn's Test of multiple comparisons using rank sums. 
‡ Significant versus Quartile Two (117-181x109/L) using a Dunn's Test of multiple comparisons using rank sums.
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eTable 4. Baseline characteristics and plasma biomarkers in sepsis patients stratified by platelet 
count quartiles at ICU admission after propensity matching.

First Quartile  
(0-116x109/L)

Second Quartile  
(117-181x109/L)

Third Quartile  
(182-251x109/L)

Fourth Quartile  
(251-399x109/L) P value

Patients, n (%) 142 (31%) 115 (25%) 94 (21%) 102 (23%)
Demographics

Age (years), median [IQR] 61 [53-72] 63 [52-73.5] 65.5 [59-72] 65 [57.25-72] 0.10
Gender male, n (%) 85 (59.9%) 75 (65.2%) 59 (62.8%) 68 (66.7%) 0.70
White race, n (%) 127 (89.4%) 95 (82.6%) 84 (89.4%) 92 (90.2%) 0.54

Medical admission type, n (%) 101 (71.1%) 84 (73.0%) 69 (73.4%) 71 (69.6%) 0.93
Severity of disease

APACHE IV score,median 
[IQR] 81 [66-96.8] 76 [61.5-94.5] 76.5 [65-91.8] 79 [63-92.8] 0.51

APACHE IV APS, median 
[IQR] 70 [53.3-84] 64 [48-79] 63.5 [52-78] 63.5 [50.5-76.8] 0.23

Modified SOFA|, median 
[IQR] 8 [5-10] 7 [5-9] 7 [4-8] 7 [5-8] 0.09

Septic shock, n (%) 53 (37.3%) 38 (33.0%) 29 (30.9%) 33 (32.4%) 0.72

Mechanical ventilation, 
n (%) 94 (66.2%) 77 (67.0%) 69 (73.4%) 75 (73.5%) 0.49

Organ failure, n (%) 117 (82.4%) 93 (80.9%) 80 (85.1%) 81 (79.4%) 0.34
Plasma biomarkers
Cytokines

 Interleukin-6 (pg/mL) 309.9 [51-28] 192.7 [63-1056] 126.6 [27-659] 131.5 [40-985] 0.15
 Interleukin-8 (pg/mL) 194.4 [66-700] 121.7 [52-376] 91.4 [42-279] 120.6 [68-365] 0.05
 Interleukin-10 (pg/mL) 20.2 [8-65] *,† 14.1 [5-45] 9.0 [4-30] 11.0 [4-45] <.01

Endothelial cell activation
 sE-Selectin (ng/mL) 16.2 [6-56] *,† 10.4 [5-28] 9.9 [5-20] 11.1 [5-18] 0.02
 sICAM-1 (ng/mL) || 239 [133-395] †,‡ 158.7 [103-257] 144.1 [99-251] 190.3 [125-315] <.01
 Fraktalkine (pg/mL) 34.5 [18-78] *,† 24.1 [18-47] 24.1 [18-34] 24.1 [16-41] 0.02
 Angiopoietin-1 (ng/mL) 
(ng/mL) 1.0 [0.5-2.2] *,†,‡ 1.9 [0.9-5.0] * 2.6 [1.1-6] 4.5 [1.-9] <.0001

 Angiopoietin-2 (ng/mL) 9.1 [4-23] 6.7 [3-15] 6.4 [3-10] 7.7 [3-12] 0.04
 Angiopoietin-2:1 ratio 9.5 [4-31] *,†,‡ 3.3 [0.8-8] * 1.8 [0.7-9] 1.7 [0.5-4] <.0001

Coagulation
 D-dimer (µg/mL) 11.1 [6-18] 8.8 [4-16] 9.7 [4-17] 8.3 [4-14] 0.27
 Protein C (ng/mL) 107.2 [78-148] 104.2 [75-146] 122.2 [87-158] 107.9 [85-142] 0.10

 Antithrombin (ng/mL) 608 [478-903] *,† 680.4 [471-1068] 802.4 [560-1103] 785.3 [567-1053] 0.01

 PT (sec) 16.0 [13-20] * 15.5 [13-18] 16.0 [13-17] 14.4 [13-17] 0.05
 APTT (sec) 40.0 [33-52] * 39.0 [31-525] 37.0 [31-47] 34.0 [29-42] 0.01

Modified SOFA was calculated without the contribution of SOFA coagulation and SOFA CNS. Plasma levels at 
baseline intensive care unit admission. Results are presented as medians and interquartile ranges. Abbreviations: 
aPTT, activated partial thromboplastin time; IQR= inter quartile range. IL. interleukin; PT, prothrombin time; sE-
selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; || soluble intercellular adhesion 
molecule-1 also originates from leukocytes. 
* Significant versus Quartile Four (251-399x109/L) using a Dunn's Test of multiple comparisons using rank sums. 
† Significant versus Quartile Three (182-251x109/L) using a Dunn's Test of multiple comparisons using rank sums. 
‡ Significant versus Quartile Two (117-181x109/L) using a Dunn's Test of multiple comparisons using rank sums.
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eFigure 1. The common leukocyte genomic responses and associated biological pathways in sepsis 
patients with very low (< 50 x 109/L) or normal (150-399 x 109/L) platelet counts compared to 
healthy volunteers.

Pathway analysis of both groups of sepsis patients (normal platelet counts or thrombocytopenia) compared 
to healthy volunteers. Over-expressed genes (red bars) associated to typical pro-, anti-inflammatory and Toll-
like receptor signaling pathways. Under-expressed genes (blue bars) associated to primarily T cell signaling 
pathways as well as EIF2 (translation) and MTOR (metabolic) signaling pathways.–log (BH) p, negative log-
transformed Benjamini-Hochberg adjusted p-values.
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eFigure 2. The leukocyte genomic responses and associated biological pathways in sepsis patients 
with different platelet count quartiles, in the propensity matched cohort. 

(A) Volcano Plot of differentially expressed genes in sepsis patients with platelet counts in the first quartile (Q1, 
0-116x109/L) versus the fourth quartile (Q4, 251-399x109/L); Red arrows denote over-expressed genes; blue arrows 
denote under-expressed genes.  Horizontal black line indicates multiple-test adjusted (Benjamini-Hochberg, 
BH) p < 0.05 threshold. (B) Over-expressed genes in sepsis patients in quartile one (Q1, 0-116x109/L) associated 
to the complement signaling pathway (red bar). (B) Under-expressed genes associated to predominantly 
leukocyte mobility, adhesion and extravasation pathways (blue bars). –log (BH) p, negative log-transformed 
Benjamini-Hochberg adjusted p-values.
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Abstract
Purpose: Several (pre)clinical reports have suggested that gender may influence sepsis 
pathogenesis and outcome. We sought to determine the association of gender with the 
presentation, outcome and host response in critically ill patients with sepsis. 
Methods: We performed a prospective study in two intensive care units involving 1815 
admissions (1533 patients) with sepsis (enrolled between January 2011 and January 2014). 
The host response was evaluated on intensive care unit admission by measuring 19 plasma 
biomarkers reflecting organ systems implicated in sepsis pathogenesis (1205 admissions) 
and by applying genome-wide blood gene expression profiling (582 admissions).  
Results: Sepsis patients admitted to the ICU were more frequently males (61.0%, p<0.0001 
versus females). Baseline characteristics were not different between genders. Urosepsis was 
more common in females; endocarditis and mediastinitis in men. Disease severity was similar 
throughout intensive care unit stay. Mortality was similar up to one year after intensive care 
unit admission and gender was not associated with 90-day mortality in multivariate analyses 
in a variety of subgroups. While plasma proteome analyses (including systemic inflammatory 
and cytokine responses, and activation of coagulation) were largely similar between genders, 
females showed enhanced endothelial cell activation; this difference was virtually absent in 
patients > 55 years. The blood leukocyte genomic response was >80% common in male and 
female patients. 
Conclusions: The host response and outcome in male and female sepsis patients requiring 
intensive care unit admission are largely similar.



ASSOCIATION OF GENDER WITH OUTCOME AND HOST RESPONSE IN CRITICALLY ILL SEPSIS PATIENTS

251

Ch
ap

te
r 9

Introduction
Sepsis is a syndrome resulting from a deregulated host response to uncontrolled infection1. 
Sepsis is a leading cause of death worldwide, and the most frequent cause of death in 
Intensive Care Units (ICUs) in high-income countries2. Patient characteristics associated 
with susceptibility, prognosis and outcome in sepsis have received much attention over the 
past decade, including the influence of gender. Higher incidence rates of sepsis have been 
reported in males relative to females3-8. The male gender is postulated to be associated with 
an increased susceptibility to infections due to underlying effects of sex steroid hormones on 
the host response, disease resistance genes and behavioral patterns9,10. Also, gender related 
lifestyle may affect the acquisition of chronic and acute diseases in men11. Females, on the 
other hand, may be protected against infections due to estrogen related enhancement of 
immune defense9. 
While males are consistently reported to be more vulnerable to develop sepsis, literature 
on the association between gender and sepsis mortality is variable. Several studies have 
associated female gender with increased ICU and/or hospital mortality in sepsis patients12-14; 
however, the opposite15 or no effect16-18 have also been described, and it is unclear whether 
mortality differences between genders persist after a longer follow up time beyond hospital 
discharge. Moreover, the relation between gender and the host response during sepsis has 
only been studied to a limited extent, restricted to cytokine release19. In the present study 
we aimed to give insight in differences in sepsis presentation and long-term outcome 
between males and females making use of a prospectively enrolled cohort comprising 
1815 consecutive ICU admissions for sepsis20,21. In addition, seeking to reveal gender related 
differences in the host response during sepsis, we measured 19 blood biomarkers indicative 
of activation of key pathways implicated in sepsis pathogenesis and evaluated the genomic 
response of blood leukocytes.  

Methods

Study design, patients and definitions 
This study was conducted as part of the “Molecular Diagnosis and Risk Stratification of 
Sepsis” (MARS) project, a prospective observational study in the mixed ICUs of two tertiary 
teaching hospitals (Academic Medical Center in Amsterdam and University Medical Center 
in Utrecht)20,21. All consecutive patients above 18 years of age with an expected length of 
stay longer than 24 hours admitted between January 2011 and January 2014 were included 
via an opt-out method approved by the medical ethical committees of the participating 
hospitals. For every admitted patient the plausibility of an infection was assessed post-hoc 
using a four point scale (ascending from none, possible, probable to definite) based on Center 
for Disease Control and Prevention and International Sepsis Forum consensus definitions, 
using clinical, radiological and microbiological data as described20. Sepsis was defined as 
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the presence of infection diagnosed within 24 hours after ICU admission with a probable 
or definite likelihood, accompanied by at least one additional parameter as described in 
the 2001 International Sepsis Definitions 22. Dedicated researchers prospectively collected 
demographics, comorbidities (see the Supplement), daily clinical (including microbiology) 
and severity scores, including Acute Physiology and Chronic health Evaluation (APACHE) 
IV and Sequential Organ Failure Assessment (SOFA) scores (central nervous system was 
excluded). Specific organ failures were defined as a SOFA score of 3 or greater, except for 
cardiovascular failure for which a score of 1 or more was used23. Acute kidney injury and 
acute respiratory distress syndrome were defined using strict pre-set criteria24,25. Shock was 
defined by the use of vasopressors (noradrenaline) for hypotension in a dose of >0.1mcg/
kg/min during at least 50% of the ICU day. For patients who were readmitted to the ICU 
demographic and long-term follow up data are given for the first ICU admission. Patients 
transferred from other ICUs were excluded. The Municipal Personal Records Database was 
consulted to retrieve survival status after ICU admission 1 year after ICU admission.

Plasma protein measurements and whole blood gene expression microarrays
See the Supplement. 

Statistical analysis 
A Mann-Whitney U or a Kruskal-Wallis test was used to analyze continuous nonparametric 
data, presented as medians with interquartile ranges. Continuous parametric data, presented 
as numbers (percentages) or as means ± standard deviation (SD), were analyzed using a 
student’s t-test or analysis of variance as appropriate. Categorical data were analyzed using 
a chi square test. All data were analyzed using R studio. A P value < 0.05 was considered to be 
of statistical significance.
90-day mortality was defined as primary endpoint and a logistic regression model was used 
controlling for potential confounding factors. The following variables were included in the 
model: age, body mass index (BMI), comorbidity (binomial), source of infection and acute 
physiology score; in these analyses only the first ICU admission of each patient was used (i.e., 
readmissions excluded). In a sensitivity analysis we examined the association of gender with 
presentation and outcome in patients with sepsis caused by an infection with a possible, 
probable or definite likelihood.
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Results

Baseline characteristics 
In total 1815 ICU admissions for sepsis caused by infection with a probable or definite likelihood 
were included, entailing 1108 males (61.0%) and 707 females (39.0%; P < 0.0001)(Table 1). Male 
and female patients were comparable in terms of age, race and admission type. 
Disease severity on ICU admission was comparable between genders (Table 1). Urosepsis 
was more common in female patients (13.4% versus 7.6% in males, P <.0001), whereas 
endocarditis and mediastinitis were diagnosed more often in male patients (5.0 versus 2.3%, 
P=0.01; and 5.0 versus 1.4%, P < 0.001 respectively) (eTable 1 in the Supplement). 

Table 1. Baseline characteristics, sepsis course and outcome in patients admitted with sepsis 
stratified according to gender.

Female Male P value
Patients 595 938
Demographics
Age mean (SD) 59.4 (16.2) 60.8 (14.8) 0.08
Race white, n (%) 510 (85.7%) 839 (89.4%) 0.16
Body mass index mean (SD) 26.4 (7.2) 25.6 (4.9) 0.02
Chronic comorbidity, n (%)

Cardiovascular compromise 131 (22.0%) 232 (24.7%) 0.25
COPD 72 (12.1%) 138 (14.7%) 0.16
Diabetes 124 (20.8%) 183 (19.5%) 0.56
Hypertension 183 (30.8%) 268 (28.6%) 0.39
Malignancy 136 (22.9%) 245 (26.1%) 0.16
Renal insufficiency 86 (14.5%) 131 (14.0%) 0.83
Respiratory insufficiency 95 (16.0%0 157 (16.7%) 0.72
Charlson comorbidity index 4 [2-6] 4 [2-6] 0.17

Admission 707 1108
Medical admission, n (%) 528 (74.7%) 792 (71.5%) 0.30
Severity of disease on ICU admission

APACHE IV Score, median [IQR] 79 [62-99] 76 [58-98] 0.07
SOFA score, median [IQR] 7 [5-9] 7 [4-9] 0.49
Mechanical ventilation, n (%) 452 (63.9%) 737 (66.5%) 0.26
Organ failure, n (%) 587 (83.0%) 897 (81.0%) 0.47
Shock, n (%) 207 (29.3%) 322 (29.1%) 0.95

Complications on admission, n (%)
Acute kidney injury 240 (33.9%) 342 (30.9%) 0.18
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Female Male P value
Patients 595 938

Acute respiratory distress syndrome 144 (20.4%) 218 (19.7%) 0.76
Acute myocardial infarction 6 (0.8%) 22 (2.0%) 0.08

Outcome
Length of stay, median [IQR] (days) 4 [2-9] 4 [2-9] 0.98
Complications, n (%)

None 599 (84.7%) 933 (84.2%) 0.79
Acute kidney injury 46 (6.5%) 89 (8.0%) 0.22
Acute respiratory distress syndrome 33 (4.7%) 38 (3.4%) 0.22
Acute myocardial infarction 2 (0.3%) 12 (1.1%) 0.10

Mortality, n (%)
ICU 141 (19.9%) 201 (18.1%) 0.35
Hospital 180 (30.3%) 280 (29.9%) 0.93
30 days 166 (27.9%) 239 (25.5%) 0.29
60 days 190 (31.9%) 298 (31.8%) 0.95
90 days 202 (33.9%) 338 (36.0%) 0.48
1 year 258 (43.4%) 427 (45.5%) 0.36

Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; COPD: Chronic Obstructive Pulmonary 
Disease; ICU: Intensive Care Unit; IQR: interquartile range; SOFA: Sequential Organ failure assessment. 
All data relate to admissions, except for demographics (first admission of each patient) and mortality at day 30, 
60 or 90, and one year (first admission of each patient). 

Sepsis course and outcome
There were no differences in the course of sepsis between genders. SOFA scores remained 
comparable during ICU stay (Figure 1). Length of ICU stay was akin and no differences were 
found with regard to short term or long term mortality (Table 1). In a logistic regression 
analysis correcting for baseline differences, 90-day mortality was not different between males 
and females (odds ratio (OR) for males 1.06; 95% confidence interval (CI) 0.83-1.35) (Table 2).
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Figure 1. SOFA scores stratified according to gender during the first 30 days after ICU admission. 

Data are means with standard error of the mean. Numbers below X axis indicate number of patients still present 
on the ICU for each group. SOFA: Sequential Organ Failure Assessment

Table 2. Multivariable regression analyses evaluating the influence of gender on 90-day mortality 
in the main cohort and subgroups.

(Sub)group N Males 90-day mortality OR [95%CI] males 
90 day mortality

Females Males

All probable/definite sepsis admissions* 1815 61.0% 43.4% 45.5% 1.06 [0.83-1.35]
Possible/probable/definite sepsis  
admissions* admissions 2629 61.9% 33.5% 34.0% 1.01 [0.82-1.24]

Older (or equal to) than 55 years* 1264 62.3% 39.0% 39.6% 1.01 [0.76-1.34]
Younger than 45 years* 239 43.9% 21.0% 20.1% 0.98 [0.47-2.07]
Severe sepsis* 1484 60.4% 36.3% 36.9% 0.98 [0.76-1.27]
Septic shock* 529 60.9% 43.1% 47.2% 1.21 [0.80-1.84]
Pneumonia† 651 61.8% 32.4% 38.7% 1.30 [0.88-1.93]

Community acquired pneumonia† 382 59.9% 30.4% 39.4% 1.62 [0.97-2.72]
Hospital acquired pneumonia† 269 64.3% 36.1% 37.7% 0.99 [0.54-1.84]
Lung infections† 683 62.1% 31.5% 38.2% 1.35 [0.92-1.99]

Abdominal infection† 406 57.1% 38.5% 41.4% 1.02 [0.61-1.70]
Urinary tract infection† 179 46.9% 32.5% 28.6% 0.65 [0.30-1.37]

* covariables used in the model: gender, age, BMI, comorbidity (binomial), APS, source of infection
†  covariables used in the model: gender, age, BMI, comorbidity (binomial), APS
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Sensitivity and subgroup analyses 
When the definition of sepsis was broadened to also include patients admitted with an infection 
with a possible likelihood (i.e., encompassing all patients with sepsis caused by a possible, 
probable or definite infection) the cohort consisted of 2629 admissions of which 61.9% involved 
male patients (38.1% female, P < 0.001) (eTable 2 in the Supplement). Baseline differences 
between genders were similar to those in the cohort entailing sepsis caused by infections with 
definite or probable likelihoods, except that the gender difference in APACHE IV scores that 
tended to be present in the “primary” cohort (P=0.07) reached statistical significance in this 
broader defined population, revealing higher APACHE IV scores in females (77 [61-98] versus 75 
[57-96] P =0.02). Notably, other severity of disease markers such as the proportion of patients 
with organ failure or shock did not differ between genders upon ICU admission. Similarly, the 
course of sepsis during ICU stay and crude mortality up to one year after admission were similar 
between groups. In a multivariate regression analysis gender was not associated with 90-day 
mortality (Odds ratio for males relative to females 1.01; 95%CI 0.82-1.24) (Table 2). 
We performed a subgroup analysis in patients older than 55 years of age (n = 1264, 62.3% 
males) to limit the influence of female sex hormones (eTable 3 in the Supplement). Also in 
this analysis the severity of disease and the percentage of patients with organ failure or shock 
did not differ between men and women upon ICU admission. Likewise, the course of sepsis 
and crude mortality up to one year after admission were comparable between genders. In a 
multivariate regression analysis gender was not associated with 90-day mortality (OR for males 
relative to females 1.01; 95%CI 0.76-1.34) In patients younger than 45 years of age (n = 239, 43.9% 
males) gender was also not associated with 90-day mortality (OR for males relative to females 
0.98; 95%CI 0.47-2.07) (Table 2).We performed additional multivariate regression analyses to 
determine the influence of gender on 90-day mortality in patients with severe sepsis or septic 
shock, and in patients with specific sources of infection (Table 2). In none of these subgroup 
analyses, gender was associated with 90-day mortality.

Plasma protein biomarkers
We measured 19 plasma protein biomarkers to obtain insight in the activation of distinct host 
response pathways implicated in sepsis pathogenesis in the subgroup of patients enrolled 
during the first 2.5 years of this study (Figure 2). This subgroup comprised 729 admissions of 
men (60.5%) and 476 admission of women (39.5%, P <0.0001). Relative to healthy controls, 
patients with sepsis displayed signs of systemic inflammation (elevated plasma C-reactive 
protein and matrix metalloproteinase-8 concentrations) and strong activation of the cytokine 
network (elevated plasma levels of interleukin (IL)-6, IL-8 and IL-10), the coagulation system 
(elevated D-dimer levels, prolonged prothrombin time and activated partial thromboplastin 
time, and reduced levels of the anticoagulant proteins protein C and antithrombin) and 
the vascular endothelium (elevated plasma concentrations of soluble E-selectin, soluble 
intercellular adhesion molecule (ICAM)-1, fractalkine and  angiopoietin-2, and reduced levels 
of angiopoietin-1). Relative to males, female patients showed signs of increased endothelial 
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cell activation on ICU admission, as reflected by higher plasma levels of soluble E-selectin, 
soluble ICAM-1, fractalkine and angiopoetin-2 (all P<0.05). In addition, women had higher 
C-reactive protein levels on admission (P=0.01 versus men). None of the other protein 
biomarkers were different between genders. In addition, plasma levels of tumor necrosis 
factor-α, IL-1β, IL-13 and interferon-γ were undetectable in the vast majority of patients and 
not different between genders (data not shown). 
In the subgroup analysis including patients ≥ 55 years of age (male n = 536, female n = 328) 
C-reactive protein and angiopoetin-2 remained significantly increased in females (both P<0.01) 
whereas other markers of vascular endothelial activation were not (eFigure 1 in the Supplement).

Blood leukocyte transcriptome analysis
In order to further increase our understanding on the potential gender dimorphism of 
the systemic host response in critically ill patients with sepsis we performed an unbiased 
transcriptomic analysis of blood leukocytes from male and female sepsis patients (Figure 3). 
Genome-wide blood expression profiles were available from consecutive patients enrolled 
during the first 1.5 years of the study, encompassing 342 admissions of males (58.7%) and 
240 admissions of females (41.2%). Considering the evident differences between males 
and females, we initially evaluated the potential of gender dimorphism in the leukocyte 
transcriptomes of healthy subjects (n = 42). For this analysis we compared healthy male (n = 
24) and healthy female (n = 18) data and detected 20 significantly different gene expression 
profiles, with a preponderance for genes located within the sex chromosomes, including Y 
chromosome specific EIF1AY (eukaryotic translation initiation factor 1A, Y-linked) and RPS4Y1 
(ribosomal protein S4, Y-linked 1), as well as X chromosome specific EIF1AX (eukaryotic 
translation initiation factor 1A, X-linked) and the non-coding transcript XIST (X inactive specific 
transcript) (Figure 3A, B). Next, we compared male and female sepsis patients respectively 
to healthy male and female subjects. Robust gene expression alterations were uncovered 
for both genders (Figure 3C), with a strongly correlating gene expression response between 
the two genders (Figure 3D). 83.6% of the gene expression response was common to both 
male and female patients (Figure 3E). 12.9% and 3.5% of the gene expression response was 
unique to male and female patients, respectively (Figure 3E). The common gene expression 
response was significantly over-represented for various canonical signaling pathway, 
including over-expression of pro-, anti-inflammatory, coagulation and Toll-like receptor 
signaling pathways, as well as under-expression of various T cell related, translation (EIF2) 
and metabolic (mTOR) pathways (Figure 3F). Uniquely over-expressed genes in male patients 
showed significant enrichment for a variety of pathways that included cAMP, RhoA, ERK/
MAPK and integrin signaling (Figure 3G). Thus, although male and female patients showed 
a predominantly common gene expression response, compared to healthy subjects, unique 
gene expression signatures were also detected suggesting minimal gender dimorphism in 
the systemic leukocyte response in sepsis.  
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Figure 2. Host response biomarkers in sepsis patients on ICU admission stratified according to gender. 

Data of 476 females and 729 males expressed as box-and-whisker diagrams depicting the median and lower 
quartile, upper quartile and their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate 
median values obtained in 27 healthy age matched subjects. DM, diabetes mellitus. * P ≤ 0.05, ** P ≤ 0.01. CRP: 
C-reactive protein; MMP: matrix metalloproteinase; IL: interleukin; PT: prothrombin time; aPTT: activated partial 
thromboplastin time; ICAM: intercellular adhesion molecule.
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Figure 3. The leukocyte genomic response and associated biological pathways in sepsis patients 
stratified according to gender. 

(A) Volcano plot representation of the comparison of blood leukocyte transcriptomes between healthy male and 
female subjects. Horizontal line denotes the multiple-comparison adjusted probability threshold (Adj. P value < 
0.05). Red dots, significantly over-expressed genes; blue dots, significantly under-expressed genes. (B) Heatmap 
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plot of significantly altered genes between healthy male and female subjects. Columns represent subjects 
(pink, females; blue, males) and rows depict gene expression (red, over-expression; blue, under-expression). (C) 
Volcano plots depicting the significantly altered gene expression patterns in septic males compared to healthy 
males (sepsis – males) and septic females compared to healthy females (sepsis – females). (D) Dot plot of the 
expression foldchanges (log2 fold) in septic males and septic females relative to healthy males and females, 
respectively. Rho, spearman’s correlation coefficient. (E) Venn-euler diagram illustrating the shared and 
distinct leukocyte transcriptional responses between septic males and females (both relative to healthy males 
and females, respectively). (F, G) Bar graphs depicting the significantly over-represented pathways (Ingenuity 
pathways) of the (F) common patient transcriptional response genes stratified as over-expressed (red bars) and 
under-expressed (blue bars) and, (G) over-expressed transcriptional response genes unique to male patients. 
Adj. P value, Benajmini-Hochberg adjusted probabilities.

Discussion 
In this study we aimed to gain insight in gender related differences in the presentation and 
outcome of sepsis, and in the host response upon ICU admission. For this, we analyzed 1815 
consecutive ICU admissions for sepsis over a period of 3 years. The most important findings 
of this study are that, while sepsis patients admitted to the ICU were more frequently men, 
no gender differences were found with regard to severity of illness upon presentation or 
during ICU stay, occurrence of ICU-acquired complications, or mortality up to one year after 
admission. While the host response to sepsis was mostly akin in men and women, female 
patients had higher plasma levels of biomarkers indicative of endothelial cell activation. 
Overall our data suggest that the course and outcome of sepsis are largely similar in men and 
women admitted to the ICU.
The proportion of men admitted to the ICU with sepsis was greater than that of women, 
which is in accordance with previous surveys7,8,12,13,26,27. While the reason for this consistent 
finding is not clear, several factors have been suggested to contribute, including an enhanced 
susceptibility to infection in men, gender differences in progression from localized infection to 
sepsis and a tendency to provide more aggressive medical care to men once in hospital9,11,28. 
Sepsis presentation, in particular the percentage of patients presenting with organ failure 
or shock, did not differ between men and women. While other studies have reported an 
increase in organ dysfunction in males 4,12, and a higher proportion of males admitted with 
severe sepsis13,29 or septic shock13, also comparable organ dysfunction15 and shock18 have 
been reported. In line with earlier studies4,14,30 , women more often had the urinary tract as 
primary source of infection, while in men sepsis more often originated from endocarditis 
and mediastinitis (the latter mainly being a complication of esophageal cancer surgery)14. 
Men had more comorbidities, which has been reported previously11,15,18,29, possibly related 
to high risk behaviour, life style choices and biological differences. Previous studies on the 
association between gender and sepsis mortality lack consensus; higher5,15,19,29,31, lower12-14,26,32 
and equal16-18,33 mortality rates in men relative to women have all been reported. We here 
found no association of gender with mortality in our primary cohort or in several subgroup 
analyses encompassing different disease severities, age categories and specific infection 
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sources. Notably, our study differs from many of these previous investigations in that we only 
analyzed ICU patients, prospectively enrolled after strict diagnostic classification of sepsis, 
and followed patients after ICU and hospital discharge, up to one year after ICU admission.
While many preclinical and experimental studies on gender differences in the host response 
to sepsis have been reported10, information on dissimilarities between male and female 
sepsis patients in this regard is highly limited. Studies in general ICU populations have 
suggested enhanced proinflammatory cytokine release in male patients relative to female 
patients34,35. Male patients with community-acquired pneumonia presenting to the emergency 
department showed higher TNF-α, IL-6, IL-10 and D-dimer levels relative to women with 
pulmonary infection29. To the best of our knowledge our study is the first to report detailed 
analyses of the host response to sepsis stratified according to gender, making use of both a 
targeted approach entailing 19 plasma biomarkers providing insight into specific pathways 
implicated in sepsis pathogenesis, and unbiased methodology by examination of genome 
wide RNA expression profiles of blood leukocytes. We found higher levels of C-reactive protein 
in female sepsis patients on ICU admission, an observation also described after intravenous 
injection of endotoxin into healthy women36. However, other cytokines such as IL-6, IL-8 and 
IL-10 were not different between males and females. One explanation for this could be that 
the overall exaggerated host response to infection is more pronounced than the more subtle 
differences determined by gender. Endothelial cell activation on ICU admission was, on the 
other hand, consistently higher in females, as reflected by increased plasma levels of soluble 
E-selectin, soluble ICAM-1, fractalkine and angiopoietin-2. This finding is in accordance with 
the estrogen-induced enhanced activation of the endothelium demonstrated repeatedly in 
cardiovascular disease37, and an estradiol and progesterone related increased expression 
of soluble E-selectin, soluble ICAM-1 and soluble vascular cell adhesion molecule-138. A 
relation with hormonal influences is further supported by the loss of significance for soluble 
E-selectin, soluble ICAM-1 and fractalkine in patients aged ≥55 years. 
More than 80% of the whole blood leukocyte gene expression response in male and female 
sepsis patients was common. Common over-expressed genes associated with typical pro- 
and anti-inflammatory pathways, such as IL-1, IL-8 and Toll-like receptor and IL-10 signaling; 
common under-expressed genes associated with energy metabolism and T cell functions, 
corroborating previous studies39,40. Uniquely over-expressed genes in males related to cAMP 
signaling, ERK/MAPK signaling and integrin signaling amongst others. These pathways may 
point to increased cell activity, translation and transcription and cell to cell interaction in 
males. However, this did not result in more severe disease or survival disadvantage in males 
with sepsis, nor was it related to increased protein levels in this group.
Our study has strengths and limitations. Our investigation comprised a large, well-defined, 
prospectively enrolled sepsis population with highly detailed epidemiologic and host 
response data. In seeking to determine the relation between sex and sepsis outcome, we 
linked gender with long-term mortality (i.e., beyond hospital discharge) and performed 
several subgroup analyses restricted to specific disease severities, age categories and 
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primary sources of infection. This study was done in two ICUs in the Netherlands, which 
may limit the generalizability. Also, since we only included patients admitted to the ICU, no 
conclusion can be drawn on the association between gender and infection outcome in a 
more general population.

Conclusion
While sepsis patients admitted to the ICU are more frequently males, sepsis presentation and 
outcome are similar between genders. In addition, men and women do not differ with regard 
to their host response to sepsis, with the exception of women showing evidence of relatively 
enhanced activation of their vascular endothelium. Hence, although many experimental 
investigations have pointed to clear sex differences in the outcome and host response to 
sepsis10, this study suggests that the severity of the acute illness instigated by sepsis overrides 
potential subtle gender related differences in clinical setting of the ICU. 
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Supplementary data

Supplementary Content

eMethods   containing information on comorbidities, plasma biomarker measurements 
and blood gene expression arrays. 

eTable 5.   Source of infection and causative pathogens in patients admitted with sepsis 
stratified according to gender.

eTable 2.   Presentation, course and outcome of sepsis in patients with a possible, probable 
of definite infection stratified according to gender.

eTable 3.   Presentation, course and outcome of sepsis in patients ≥55 years stratified 
according to gender.

eFigure 1.   Host response biomarkers in sepsis patients ≥ 55 years on ICU admission 
stratified according to gender. 
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Methods

Comorbidities
Cardiovascular insufficiency was defined as a medical history of congestive heart failure, 
chronic cardiovascular disease, peripheral vascular disease or cerebrovascular disease. 
Malignancy was defined as a medical history of either non-metastatic solid tumor, metastatic 
malignancy or hematologic malignancy. Patients with a history of chronic renal insufficiency 
or with chronic intermitted hemodialysis or continuous ambulatory peritoneal dialysis were 
marked as renal insufficient. Respiratory insufficiency was defined as a medical history of 
chronic obstructive pulmonary disease or respiratory insufficiency. The Charlson comorbidity 
index was used1.

Plasma protein measurements
Of all patients, EDTA anti-coagulated, left over plasma from blood obtained on admission 
for routine patient care, was stored within 4 hours after blood draw at -80oC. Measurements 
of tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, interferon (IFN)-γ, 
fractalkine, soluble intercellular adhesion molecule (ICAM)-1 and soluble E-selectin were 
done by FlexSet cytometric bead array (BD Biosciences, San Jose, CA) using FACS Calibur 
(Becton Dickenson, Franklin Lakes, NJ). Matrix metalloproteinase (MMP)-8, angiopoietin-1, 
angiopoietin-2, protein C, antithrombin (all R&D systems, Abingdon, UK) and D-dimer 
(Procartaplex, eBioscience, San Diego, CA) were measured by Luminex multiplex assay 
using BioPlex 200 (BioRad, Hercules, CA). C-reactive protein (CRP) was determined by 
immunoturbidimetric assay (Roche diagnostics), both prothrombin time (PT) and activated 
partial thromboplastin time (aPTT) by using a photometric method with Dade Innovin 
Reagent or by Dade Actin FS Activated PTT Reagent, respectively (both Siemens Healthcare 
Diagnostics). Since biomarker data were not normally distributed a Mann-Whitney U test was 
used to analyze non-parametric data. Biomarkers were transformed to their ten log scale 
for plotting purposes. Normal biomarker values were acquired from EDTA plasma from 
27 age- and gender-matched healthy volunteers (from whom written informed consent 
was obtained), with the exception of C-reactive protein (CRP), prothrombin time (PT) and 
activated partial thromboplastin time (aPTT) (routine laboratory reference values).

Blood gene expression microarrays
Whole blood was collected in PAXgene™ tubes (Becton-Dickinson, Breda, the Netherlands) 
within 24 hours after ICU admission. Total RNA was isolated using the PAXgene blood mRNA 
kit (Qiagen, Venlo, the Netherlands) in combination with QIAcube automated system (Qiagen, 
Venlo, the Netherlands), according to the manufacturer’s instructions. RNA (RNA integrity 
number > 6.0) was processed and hybridized to the Affymetrix Human Genome U219 96-array 
and scanned by using the GeneTitan instrument at the at the Cologne Center for Genomics 
(CCG), Cologne, Germany, as described by the manufacturer (Affymetrix). See the Supplement 
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for detailed methods used in microarray data pre-processing, differential gene expression 
analysis, bioinformatics and biological pathway analysis. Benjamini-Hochberg (BH) adjusted 
p-values defined significant differential gene expression and pathway enrichment.
Raw data scans (.CEL files) were read into the R language and environment for statistical 
computing (version 2.15.1; R Foundation for Statistical Computing, Vienna, Austria; http://
www.R-project.org/). Pre-processing and quality control was performed by using the Affy 
package version 1.36.12. Array data were background corrected by Robust Multi-array Average, 
quantiles-normalized and summarized by medianpolish using the expresso function (Affy 
package). The resultant 49,386 log-transformed probe intensities were filtered by means of a 
0.5 variance cutoff using the genefilter method3 to recover 24,646 expressed probes in at least 
one sample. The occurrence of non-experimental chip effects was evaluated by means of the 
Surrogate Variable Analysis (R package version 3.4.0)4 and corrected by the empirical Bayes 
method ComBat 5 The non-normalized and normalized MARS gene expression data sets are 
available at the Gene Expression Omnibus public repository of NCBI under accession number 
GSE65682. The 24,646 probes were assessed for differential abundance across healthy 
subject and patient samples by means of the limma method (version 3.14.4)6,7. Supervised 
analysis (comparison between pre-defined groups) was performed by moderated t statistics. 
Throughout Benjamini-Hochberg (BH)8 multiple comparison adjusted probabilities, 
correcting for the 24,646 probes (false discovery rate < 5%), defined significance. Ingenuity 
Pathway Analysis (Ingenuity Systems IPA, www.ingenuity.com) was used to identify the 
associating canonical signaling pathways stratifying genes by over- and under-expressed 
patterns. The Ingenuity gene knowledgebase was selected as reference and human species 
specified. All other parameters were default. Association significance was measured by 
Fisher’s exact. 
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eTable 1. Source of infection and causative pathogens in patients admitted with sepsis stratified 
according to gender. 

Female Male P value 
Admissions 707 1108
Source of infection
Respiratory tract 259 (36.6%) 424 (38.3%) 0.48

Community-acquired pneumonia 153 (21.6%) 229 (20.7%) 0.63
Hospital-acquired pneumonia 96 (13.6%) 173 (15.6%) 0.27
Lung abscess 10 (1.4%) 22 (2.0%) 0.46

Abdominal 174 (24.6%) 232 (20.9%) 0.08
Urinary tract 95 (13.4%) 84 (7.6%) <.0001
Cardiovascular infection 47 (6.6%) 109 (9.8%) 0.02

Primary bacteremia 16 (2.3%) 35 (3.2%) 0.31
CRBSI 13 (1.8%) 13 (1.2%) 0.30
Endocarditis 16 (2.3%) 55 (5.0%) 0.01
Myocarditis 2 (0.3%) 6 (0.5%) 0.51

Central nervous system 36 (5.1%) 68 (6.1%) 0.35
Mediastinitis 10 (1.4%) 55 (5.0%) <.001
Skin 27 (3.8%) 36 (3.2%) 0.61
Other 59 (8.3%) 100 (9.0%) 0.67
Causative pathogens
Gram-positive bacteria 318 (45.0%) 569 (51.4%) 0.01
Gram-negative bacteria 361 (51.1%) 543 (49.0%) 0.92
Fungi and yeasts 74 (10.5%) 110 (9.9%) 0.94
Viruses 40 (5.7%) 52 (4.7%) 0.38
Other pathogens 54 (7.6%) 61 (5.5%) 0.07
Unknown 103 (14.6%) 147 (13.3%) 0.44

Abbreviations: CRBSI: catheter related bloodstream infection.
Skin infections include: necrotizing fasciitis, erysipelas and infected decubitus.
Other sources include: Bone joint infection (n=33), ear infection (n=1), mastitis (n=1), oral infections (n=16), 
unknown infections (n=39), pharyngitis (n=16), post-operative wound infection (n=34), reproductive tract 
infection (n=2), sinusitis (n=5), viral infections (n=12). 
Note: In 168 (23.7%) infectious events in females and in 260 (23.5%) infectious events in males multiple 
pathogens were assigned as causative (p= 0.91).  
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eTable 2. Presentation, course and outcome of sepsis in patients with a possible, probable of 
definite infection stratified according to gender. 

Females Males P value 

Patients 821 1366
Demographics
Age, mean (SD) 59.3 (16.5) 60.9 (15.2) 0.03
Body mass index, mean (SD) 26.3 (6.9) 25.8 (0.9) 0.09
Chronic comorbidity, n (%)

None 196 (23.9%) 420 (30.7%) 0.001
Charlson comorbidity index 4 [2-6] 4 [2-6] 0.09

Admissions 1001 1628 
Medical admission, n (%) 766 (76.5%) 1004 (74.0%) 0.16
Severity of disease on ICU admission

APACHE IV Score, median [IQR] 77 [61-98] 75 [57-96] 0.02
SOFA score, median [IQR] 7 [4-9] 7 [4-9] 0.63
Organ failure, n (%) 823 (82.2%) 1298 (79.97%) 0.36
Shock, n (%) 264 (26.4%) 437 (26.8%) 0.80

Complications on admission, n (%)
Acute kidney injury 305 (30.5%) 454 (27.9%) 0.15
Acute respiratory distress syndrome 185 (18.5%) 297 (18.2%) 0.91

Source of infection
Respiratory tract 459 (45.9%) 799 (49.1%) 0.11
Abdominal 215 (21.5%) 291 (17.9%) 0.03
Urinary tract 100 (10.0%) 97 (6.0%) 0.002
Cardiovascular infection 55 (5.5%) 121 (7.4%) 0.06
Central nervous system 52 (5.2%) 87 (5.3%) 0.92
Mediastinitis 18 (1.8%) 66 (4.1%) 0.003
Skin 31 (3.1%) 45 (2.8%) 0.64
Other 71 (7.1%) 122 (7.5%) 0.76

Outcome
Length of stay, median [IQR] (days) 4 [2-8] 4 [2-8] 0.91
Complications, n (%)

None 872 (87.1%) 1396 (85.7%) 0.33
Acute kidney injury 61 (6.1%) 125 (7.7%) 0.16
Acute respiratory distress syndrome 35 (3.5%) 52 (3.2%) 0.73

Patients 821 1366
Mortality, n (%)

ICU 189 (18.9%) 277 (17.0%) 0.22
Hospital 240 (29.2%) 377 (27.6%) 0.45
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Females Males P value 

30 days 223 (27.2%) 337 (24.7%) 0.19
60 days 257 (31.3%) 409 (29.9%) 0.53
90 days 275 (33.5%) 465 (34.0%) 0.86
1 year 340 (41.4%) 595 (43.6%) 0.30

Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; COPD: Chronic Obstructive Pulmonary 
Disease; ICU: Intensive Care Unit; IQR: interquartile range; SOFA: Sequential Organ failure assessment.
All data relate to admissions, except for demographics, mortality at day 30, 60 or 90, and one year (first admission 
of each patient). 
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eTable 3. Presentation, course and outcome of sepsis in patients ≥55 years stratified according to 
gender.

Females ((≥55years) Males P value 

Patients 405 659 
Demographics
Age, mean (SD) 68.7 (7.8) 68.5 (8.1) 0.76
Body mass index, mean (SD) 27.0 (7.4) 25.9 (4.7) 0.01
Chronic comorbidity, n (%)

None 80 (19.8%) 156 (23.7%) 0.14
Charlson comorbidity index 5 [4-6] 5 [4-6] 0.37

Admissions 476 788
Medical admission, n (%) 358 (75.2%) 566 (71.8%) 0.21
Severity of disease on ICU admission

APACHE IV Score, median [IQR] 84 [67-102] 80 [63-101] 0.06
SOFA score, median [IQR] 7 [5-10] 7 [4-9] 0.30
Organ failure, n (%) 406 (85.3%) 652 (82.7%) 0.46
Shock, n (%) 157 (33.0%) 242 (30.7%) 0.42

Complications on admission, n (%)
Acute kidney injury 174 (36.6%) 255 (32.4%) 0.14
Acute respiratory distress syndrome 97 (20.4%) 153 (19.4%) 0.69

Source of infection
Respiratory tract 183 (38.4%) 302 (38.3%) >.99
Abdominal 125 (26.3%) 178 (22.6%) 0.16
Urinary tract 61 (12.8%) 69 (8.8%) 0.03
Cardiovascular infection 31 (6.5%) 78 (9.9%) 0.045
Central nervous system 14 (2.9%) 36 (4.6%) 0.17
Mediastinitis 8 (1.7%) 50 (6.3%) 0.001
Skin 19 (4.0%) 15 (1.9%) 0.03
Other 35 (7.4%) 60 (7.6%) 0.91

Outcome
Length of stay, median [IQR] (days) 4 [2-9] 4 [2-9] 0.39
Complications, n (%)

None 78 (16.4%) 130 (16.5%) >.99
Acute kidney injury 33 (6.9%) 72 (9.1%) 0.19
Acute respiratory distress syndrome 23 (4.8%) 27 (3.4%) 0.24

Patients 405 659 
Mortality, n (%)

ICU 112 (23.5%) 149 (18.9%) 0.06
Hospital 141 (34.8%) 216 (32.8%) 0.50
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Females ((≥55years) Males P value 

30 days 131 (32.3%) 182 (27.6%) 0.11
60 days 149 (36.8%) 231 (35.1%) 0.60
90 days 158 (39.0%) 261 (39.6%) 0.90
1 year 200 (49.4%) 338 (51.3%) 0.57

Abbreviations: APACHE: Acute Physiology and Chronic Health Evaluation; COPD: Chronic Obstructive Pulmonary 
Disease; ICU: Intensive Care Unit; IQR: interquartile range; SOFA: Sequential Organ failure assessment. 
All data relate to admissions, except for demographics, mortality at day 30, 60 or 90, and one year (first admission 
of each patient). 
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eFigure 1. Host response biomarkers in sepsis patients ≥ 55 years on ICU admission stratified 
according to gender. 

Data are expressed as box-and-whisker diagrams depicting the median and lower quartile, upper quartile and 
their respective 1.5IQR as whiskers (as specified by Tukey). Dotted lines indicate median values obtained in 27 
healthy age matched subjects. DM, diabetes mellitus. * P ≤ 0.05, ** P ≤ 0.01. CRP: C-reactive protein; MMP: matrix 
metalloproteinase; IL: interleukin; PT: prothrombin time; aPTT: activated partial thromboplastin time; ICAM: 
intercellular adhesion molecule.
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At a Glance Commentary: 
Scientific knowledge on the subject: Respiratory tract infections are classified as 
community-acquired pneumonia (CAP) when contracted outside a health care setting, 
or hospital-acquired pneumonia (HAP) when developed later than 48 hours after hospital 
admission. Preclinical studies suggest that hospitalized patients are more susceptible to 
infections caused by nosocomial respiratory pathogens, in part due to immune suppression 
caused by the condition for which they were admitted. 
What this study adds to the field: This investigation sought to characterize the systemic 
response in patients diagnosed with HAP or CAP. Applying genome-wide blood gene 
expression profiling and measuring a panel of plasma biomarkers reflecting organ systems 
implicated in infection pathogenesis we revealed shared and distinct transcriptional 
and plasma protein responses. Notably, we found significant attenuation of an interferon 
signaling gene expression signature that might contribute to increased vulnerability of 
hospitalized patients to less virulent respiratory pathogens. These findings provide a 
clinical observational basis for preclinical studies on secondary pneumonia by nosocomial 
pathogens following immune suppression caused by extra-pulmonary disease.  

Abstract
Rationale: Preclinical studies suggest that hospitalized patients are susceptible to infections 
caused by nosocomial respiratory pathogens at least in part due to immune suppression 
caused by the condition for which they were admitted. 
Objectives: We aimed to characterize the systemic host response in hospital-acquired 
pneumonia (HAP) when compared with community-acquired pneumonia (CAP). 
Methods: We performed a prospective study in two intensive care units (ICU) in 453 patients 
with HAP (n = 222) or CAP (n = 231). Immune responses were determined on ICU admission 
by measuring 19 plasma biomarkers reflecting organ systems implicated in infection 
pathogenesis (in 192 HAP and 183 CAP patients) and by applying genome-wide blood gene 
expression profiling (in 111 HAP and 110 CAP patients).  
Measurements and main results: HAP and CAP patients presented with similar disease 
severities and mortality rates did not differ up to one year after admission. Plasma proteome 
analysis revealed largely similar responses, including systemic inflammatory and cytokine 
responses, and activation of coagulation and the vascular endothelium. The blood 
leukocyte genomic response was >75% common in HAP and CAP patients, comprising pro-
inflammatory, anti-inflammatory, T cell signaling and metabolic pathway gene sets. HAP 
patients showed over-expression of genes involved in cell-cell junction remodeling, adhesion 
and diapedesis, which corresponded with lower plasma levels of matrix metalloproteinase-8 
and soluble E-selectin. In addition, HAP patients demonstrated under-expression of a type-I 
interferon signaling gene signature.
Conclusions: HAP and CAP patients present with a largely similar host response at ICU admission. 
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Introduction
Pneumonia is the third most common cause of death globally, responsible for an estimated 
3.1 million deaths annually1. In developed countries pneumonia is the most common 
infection requiring intensive care unit (ICU) admission and the most frequent cause of 
sepsis2. Respiratory tract infections are classified as community-acquired pneumonia (CAP) 
when contracted outside a health care setting, or hospital-acquired pneumonia (HAP) 
when developed later than 48 hours after hospital admission. The distinction between 
CAP and HAP is of clinical relevance since different causative pathogens are involved, 
requiring different antimicrobial therapies. The difference in pathogens causing CAP and 
HAP at least in part is related to an increased susceptibility of hospitalized patients to 
endogenous potential pathogens that rarely cause pneumonia in the community, instigated 
by an immune suppressive effect of the condition that necessitated hospitalization3,4. Mouse 
models of pneumonia have indeed suggested that a subacute infectious or inflammatory 
disease distant from the lung renders animals susceptible to typical nosocomial respiratory 
pathogens, caused by a suppression of adequate host defense mechanisms5-7. The concept 
that (sub)acute illness results in an impairment of immune responses is supported by many 
studies in various patient populations2,8. However, to our knowledge, human studies that 
sought to compare the host responses in CAP and HAP have not been reported. 
We here hypothesized that HAP, relative to CAP, is associated with blunted pro-inflammatory 
and innate immune responses in critically ill patients requiring ICU admission. To address 
this hypothesis we conducted a prospective observational study in two mixed ICUs in the 
Netherlands during a 2.5-year period encompassing 453 consecutive patients admitted with 
CAP or HAP. By measuring 19 plasma biomarkers indicative of organ systems known to be 
disturbed in severe infection and by applying genome-wide blood leukocyte gene expression 
profiling we provide in-depth insight into the systemic biological pathways implicated in 
community- and hospital-acquired sepsis pathogenesis. 

Methods

Study design, setting and patient identification 
This study was conducted as part of the “Molecular Diagnosis and Risk Stratification of Sepsis” 
(MARS) project, a prospective observational cohort study in the mixed ICUs of two tertiary 
teaching hospitals (Academic Medical Center in Amsterdam and University Medical Center 
in Utrecht) in the Netherlands (ClinicalTrials.gov identifier NCT01905033)9,10. All consecutive 
patients above 18 years of age admitted to the two ICUs with an expected length of stay 
longer than 24 hours were included via an opt-out method approved by the medical ethical 
committees9,10. Dedicated research physicians prospectively collected demographic, clinical, 
microbiology and interventional data. For every admitted patient the plausibility of an 
infection was assessed in retrospect using a four point scale (ascending from none, possible, 
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probable to definite) as described in detail9. For the current analysis all consecutive patients 
admitted to the ICUs between January 2011 and July 2013 with CAP or HAP diagnosed 
within 24 hours after ICU admission with a probable or definite likelihood (see eTable 1 in 
the Supplement) were included. Patients with CAP were admitted directly to the ICU or 
hospitalized for pneumonia less than 48 hours before ICU admission; patients admitted to 
the ward with CAP and transferred to the ICU more than 48 hours after hospitalization were 
excluded. HAP was defined as any pneumonia acquired more than 48 hours after admission 
to the hospital. Patients with ventilator-associated pneumonia and readmissions were 
excluded. Patients transferred from another ICU were also excluded, except when they were 
referred to one of study centers on the same day of presentation to the first ICU. 

Clinical variables
Physiological measurements, vital signs and severity scores (including Acute Physiology 
and Chronic Health Evaluation (APACHE) IV and Sequential Organ Failure Assessment 
(SOFA) scores) were conducted daily. Specific organ failures were defined as a SOFA score 
of 3 or greater, except for cardiovascular failure for which a score of 1 or more was used 
(central nervous system was excluded)11. Shock was defined by the use of vasopressors 
(noradrenaline) for hypotension in a dose of >0.1mcg/kg/min during at least 50% of the ICU 
day. Comorbidities were defined as described in the Supplement. Acute kidney injury and 
acute respiratory distress syndrome were defined using strict pre-set criteria12,13. ICU-acquired 
complications were defined when they occurred more than 48 hours after ICU admission. 

Plasma biomarker measurements
Measurements were done in plasma collected on admission of 183 CAP and 192 HAP patients 
as described in the Supplement. 

Blood gene expression microarrays
In a subgroup of patients (110 CAP and 111 HAP patients), whole blood was collected in 
PAXgene™ tubes (Becton-Dickinson, Breda, the Netherlands) within 24 hours after ICU 
admission. Total RNA was isolated using the PAXgene blood mRNA kit (Qiagen, Venlo, 
the Netherlands) in combination with QIAcube automated system (Qiagen, Venlo, the 
Netherlands). See the Supplement for detailed methodology used in microarray data pre-
processing, differential gene expression analysis, bioinformatics and biological pathway 
analysis. Genome-wide blood gene expression profiles of CAP and HAP patients were initially 
compared to 42 healthy controls. Benjamini-Hochberg (BH) adjusted P-values defined 
significant differential gene expression and pathway enrichment.

Subgroup and sensitivity analysis
We performed several subgroup and sensitivity analyses that are described in detail in the 
Supplement and the Results section.  
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Statistical analysis
All categorical variables are presented as numbers (percentages), parametric continuous 
variables are presented as means ± standard deviation (SD) and nonparametric continuous 
variables are presented as median and interquartile ranges (IQR, 25th and 75th percentiles). 
Data distribution was assessed by the Kolmogorov-Smirnov test. A Mann-Whitney U or a 
Kruskal-Wallis test was used to analyze continuous nonparametric data, whereas continuous 
parametric data were analyzed using a student’s t-test or analysis of variance (two-sided 
analysis of variance). All categorical data were analyzed using a chi square or Fisher exact 
test. Plasma protein levels were log10 transformed for plotting purposes and analyzed 
using a Mann-Whitney U test. All analyses were performed in R studio (version 3.2.3, R Core 
Team 2013, Vienna, Austria). A nominal P value < 0.05 was considered to be of statistically 
significance for clinical data. Multiple-comparison adjusted (Benjamini-Hochberg, BH) P 
value < 0.05 defined significance of plasma biomarker results.

Results

Patient characteristics and outcome
The 2.5-year study period encompassed 643 ICU admissions for pneumonia with a probable 
or definite infection likelihood (see eFigure 1 in the Supplement). In total 190 admissions 
(29.5%) were excluded because they involved readmissions (n = 100), transfers from other 
ICUs (n = 53) or CAP episodes that had been treated for more than 48 hours on the ward 
before ICU admission (n = 37). Thus, the study population consisted of 231 patients with 
CAP (of whom 144 with a probable and with 87 a definite likelihood) and 222 patients with 
HAP (185 probable and 37 definite) (Table 1). Patients admitted with CAP or HAP were not 
different in terms of age or chronic comorbidities, except for chronic obstructive pulmonary 
disease (COPD), which was more prevalent in patients admitted with CAP. HAP patients 
more often involved males and surgical admissions. Disease severity upon presentation to 
the ICU was similar in CAP and HAP patients, as indicated by equal APACHE IV and SOFA 
scores, and similar proportions of organ failure and septic shock. Gram-positive bacteria 
were more prevalent in CAP patients (36.8% versus 23.0% in HAP), whereas gram-negative 
pathogens were predominant in HAP patients (64.4% versus 24.2% in CAP) (see eTable 2 in 
the Supplement). 
The occurrence of ICU-acquired complications was not different between groups. Patients 
with HAP had a longer ICU length of stay (6 [3-11] days versus 5 [2-11] days for CAP patients, P 
= 0.04). A trend towards increased crude mortality in patients with HAP was observed, which 
only reached statistical significance for hospital mortality (35.1% versus 26.0% P = 0.04 (Table 
1). 
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Table 1. Baseline characteristics, ICU-acquired complications and mortality of patients admitted 
to the ICU with community- or hospital-acquired pneumonia.

Community-  
acquired  

pneumonia

Hospital-  
acquired  

pneumonia
P value 

Patients 231 (51.0%) 222 (49.0%)
Demographics
Age, years, mean (SD) 60.8 (16.1) 60.6 (15.0) 0.89
Gender male, n (%) 133 (57.6%) 151 (68.0%) 0.02
Body mass index mean (SD) 25.1 (6.1) 25.0 (5.1) 0.74
Race, white, n (%) 202 (87.4%) 198 (89.2%) 0.37
Medical admission, n (%) 223 (96.5%) 187 (84.2%) <.001
Length of hospital stay prior to ICU admission 0 [0-1] 8 [5-18] <.0001
Chronic comorbidity, n (%)

None 47 (20.3%) 55 (24.8%) 0.27
Cardiovascular insufficiency 57 (24.7%) 56 (25.2%) 0.92
COPD 60 (26.0%) 36 (16.2%) 0.01
Diabetes 50 (21.6%) 35 (15.8%) 0.12
Malignancy 49 (21.2%) 65 (29.3%) 0.06
Renal insufficiency 28 (12.1%) 26 (11.7%) >.99
Respiratory insufficiency 68 (29.4%) 44 (19.8%) 0.03
Charlson comorbidity index 4 [3-6] 4 [3-6] 0.91

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 78 [62-98] 79 [64-100] 0.45
SOFA score, median [IQR] 7 [4-9] 7 [5-9] 0.75
Mechanical ventilation, n (%) 155 (67.1%) 164 (73.9%) 0.13
Organ failure, n (%) 183 (79.2%) 192 (86.5%) 0.09
Shock, n (%) 68 (29.4%) 72 (32.4%) 0.54
Acute kidney injury, n (%) 72 (31.2%) 51 (23.0%) 0.06
Acute respiratory distress syndrome, n (%) 79 (34.2%) 74 (33.3%) 0.92
Acute myocardial infarction, n (%) 9 (3.9%) 2 (0.9%) 0.06

Outcome
Length of ICU stay, days, median [IQR]a 5 [2-11] 6 [3-11] 0.04
Length of hospital stay, days, median [IQR]b 13 [7-24] 21 [9-39] <.0001
ICU-acquired complications, n (%)

None 187 (81.0%) 172 (77.5%) 0.40
Acute kidney injury 25 (10.8%) 25 (11.3%) >.99
Acute respiratory distress syndrome 14 (6.1%) 8 (3.6%) 0.25
Acute myocardial infarction 1 (0.4%) 4 (1.8%) 0.22
ICU-acquired infection 26 (11.3%) 24 (12.2%) 0.77
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Community-  
acquired  

pneumonia

Hospital-  
acquired  

pneumonia
P value 

Patients 231 (51.0%) 222 (49.0%)
Mortality, n (%)

ICU 43 (18.6%) 47 (21.2%) 0.56
Hospital 60 (26.0%) 78 (35.1%) 0.04
30 days 57 (24.7%) 64 (28.8%) 0.43
90 days 75 (32.5%) 89 (40.1%) 0.16
1 year 100 (43.3%) 118 (53.2%) 0.08

Abbreviations: APACHE: acute physiology and chronic health evaluation. COPD: chronic obstructive pulmonary 
disease. ICU: intensive care unit. SOFA: sequential organ failure assessment. 
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.

Plasma host response biomarkers 
To obtain insight into the host immune response in critically ill patients with CAP or HAP 
we measured 19 plasma biomarkers indicative of activation and/or dysregulation of key 
pathways implicated in sepsis pathogenesis; for these analyses plasma was available from 
183 CAP and 192 HAP patients (Figure 1). When compared to healthy controls, both CAP and 
HAP patients displayed signs of systemic inflammation (elevated plasma concentrations 
of C-reactive protein, interleukin (IL)-6, IL-8 and matrix metalloproteinase (MMP)-8) and 
a profound activation of the coagulation system (elevated D-dimer levels, prolonged 
prothrombin time and activated partial thromboplastin time, and reduced levels of the 
anticoagulant proteins protein C and antithrombin). Moreover, CAP and HAP patients 
demonstrated evidence of endothelial cell activation (elevated soluble E-selectin, soluble 
intercellular adhesion molecule (ICAM)-1, fractalkine and angiopoietin-2 levels); this together 
with reduced angiopoietin-1 levels suggested the presence of a disturbed vascular integrity14. 
While most of these responses were similar in patients with CAP and HAP, differences were 
also detected: HAP patients had lower plasma MMP-8 and soluble E-selectin levels, and 
higher protein C levels when compared to CAP patients. The plasma concentrations of the 
pro-inflammatory cytokines tumor necrosis factor-α, IL-1β and interferon-γ, and of the anti-
inflammatory cytokine IL-13 were undetectable or very low in the vast majority of patients and 
not different between groups (data not shown). The plasma levels of the anti-inflammatory 
cytokine IL-10 were also not different between CAP and HAP patients (Figure 1). Together, 
these data suggest that while some typical sepsis responses were modestly mitigated in HAP 
patients, the majority of host responses were similar between CAP and HAP patients.   
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Figure 1. Host response plasma biomarkers in critically ill patients admitted with community-
acquired or hospital-acquired pneumonia. 

Plasma biomarkers were measured on Intensive Care Unit admission. Data are expressed as box-and-whisker 
diagrams depicting the median, with the lower and upper quartiles, and whiskers extending to the farthest 
points that are not outliers, i.e., that are within 1.5 times the interquartile range of the lowest and the highest 
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quartile respectively (as specified by Tukey). Dotted lines indicate median values obtained in 27 healthy aged 
matched subjects. aPTT, activated partial thromboplastin time; CRP, C-reactive protein ; IL, interleukin ; MMP, 
matrix metalloproteinase ; PT, prothrombin time ; ICAM-1, intercellular adhesion molecule.  Values in patients 
were all significantly different from those in healthy controls. Asterisks indicate differences between CAP and 
HAP patients. Benjamini-Hochberg corrected * p < 0.05, *** p < 0.001. 

CAP and HAP are characterized by shared and distinct gene expression alterations 
In a subgroup of 110 consecutive CAP patients and 111 consecutive HAP patients, enrolled 
during the first 1.5 years of the study period, we performed an unbiased blood genomics 
approach. Baseline characteristics, outcome and causative pathogens of this subgroup were 
similar to those of the entire cohort (see eTable 3 and eTable 4 in the Supplement). Admission 
white blood cell counts and differentials were not different between groups (see eTable 5 in 
the Supplement). Both CAP and HAP patients were characterized by robust transcriptional 
alterations compared to healthy controls (Figure 2A). 83% of the expressed gene content 
was altered in both CAP and HAP, with 7900 genes that were commonly altered (Figure 2A, 
B). Pathway analysis revealed common over-expressed genes associated to typical pro-
inflammatory signalling pathways, which included IL-1 signaling and IL-8 signaling, as well 
as a preponderance of genes that enrich for endocytosis signaling pathways including 
RhoA signaling and clathrin-mediated endocytosis signaling (Figure 2C). Common under-
expressed genes associated to a variety of lymphocyte signaling pathways, such as iCOS-
iCOSL and CD28 signaling in T helper cells, as well as protein translation and metabolic 
pathways that included EIF2 and mTOR signaling (Figure 2C). Besides the common host 
response, uniquely altered gene expression profiles in CAP and HAP were also identified 
(Figure 2A). Indeed, comparing CAP and HAP patients yielded significantly differential gene 
expression profiles (Figure 3A). Notably, under-expressed genes in HAP strongly associated to 
the interferon signaling pathway (Figure 3B), including type-I interferon signaling genes OAS1, 
IFIT1, IFIT3, STAT2, MX1, IFI35 and IRF7 (Figure 3C). Over-expressed genes in HAP associated to 
predominantly cell-cell junction remodelling and cell mobility pathways, with ITGB1, TUBB1 
and JAM3 particularly over-expressed (Figure 3B,C). Thus, although critical illness due to HAP 
and CAP was characterized by a predominantly common host response, under-expression of 
a type-I interferon signalling gene expression signature concomitant with elevated expression 
of cell junction and mobility gene signatures discriminated HAP from CAP patients. Using the 
significantly different gene expression indices between HAP and CAP patients (Figure 3A) we 
performed principal component analysis and identified 2-3 predominant components to the 
data (see eFigure 2 in the Supplement). There was moderate separation between HAP and 
CAP, with an explainable variance of 26% based on the first component. 
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Figure 2. Common blood leukocyte transcriptional responses in HAP and CAP patients. 

(A,B) Blood samples from patients diagnosed with CAP or HAP at ICU admission were analyzed using genome-
wide gene expression microarrays and compared to healthy controls. (A) Venn-Euler representation of the 
transcriptional alterations in both CAP and HAP with an overarching common response and unique gene 
expression signatures. Red arrows denote over-expressed genes; blue arrows denote under-expressed genes. 
(B) Dot plot depicting the correlation (rho, Spearman’s correlation coefficient) between HAP and CAP log2 fold 
changes within the common response (n=7900). (C) Ingenuity pathway analysis of the common response gene 
expression signatures in HAP and CAP patients. Red bars, over-expressed pathways; blue bars, under-expressed 
pathways.
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Figure 3. Differential blood leukocyte transcriptional responses in HAP and CAP patients.

(A) Volcano plot representation (integrating multiple-test adjusted p-values and log2 fold changes) of the 
differentially expressed genes between HAP and CAP patients. Red dots denote over-expressed genes; blue dots 
denote under-expressed genes. Horizontal line represents the multiple-test adjusted significance threshold (p 
< 0.05). –log (BH) p, negative log transformed Benjamini-Hochberg adjusted p-values. (B) Ingenuity pathway 
analysis of significantly differential genes revealed enrichment for various canonical signaling pathways. Red 
bars denote over-expressed pathways; blue bars denote under-expressed pathways. (C) Heatmap plots of the 
genes in the top over-expressed and under-expressed enriched pathways. Columns depict samples; rows depict 
gene expression indices. Red denotes over-expression; blue denotes under-expression.
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Subgroup and sensitivity analyses
Patients with CAP or HAP differed with respect with chronic comorbidity, in particular 
COPD (Table 1, eTable 3 in the Supplement), and causative pathogens (eTable 2, eTable 4 
in the Supplement). To exclude a possible bias introduced by these differences with regard 
to host response analyses we performed several subgroup and sensitivity analyses. First, 
we matched CAP and HAP patients for the presence or absence of COPD and for infection 
type, specified as pure gram-positive, pure gram-negative or mixed gram-positive and gram-
negative (excluding viral, fungal or unknown causes; see eTable 6 in the Supplement). In this 
matched cohort baseline characteristics and outcome were similar to those of the entire 
cohort. In addition, the results of plasma protein biomarkers obtained in the total cohort 
were reproduced, i.e., while most responses relating to activation of the cytokine network, 
the coagulation system and the vascular endothelium were similar in HAP and CAP patients,  
HAP patients had lower plasma soluble E-selectin levels, and higher protein C levels when 
compared to CAP patients (see eTable 7 in the Supplement). Comparison of blood leukocyte 
gene expression profiles in the patients in this matched cohort from whom array data were 
available (39 HAP and 49 CAP patients) revealed no differences between groups (see eFigure 
3 in the Supplement). To further study a potential bias introduced by COPD as a comorbid 
condition, we compared host response parameters in CAP and HAP patients without 
COPD. The results regarding plasma protein biomarker profiles reproduced those obtained 
in the entire cohort (see eTable 8 in the Supplement). Like in the total cohort, in patients 
without COPD we uncovered differences in cell-cell junction gene expression responses 
between HAP and CAP, including JAM3, ITGB1, TUBB1 and PRKAR2B; however, no differences 
were uncovered in interferon signaling genes, with the exception of IFI44 (see eFigure 4 in 
the Supplement). Finally, considering the higher prevalence of viral pneumonia in CAP 
patients, we also performed a subgroup analysis excluding all confirmed viral pneumonia 
cases. The results obtained in the total cohort regarding plasma protein biomarkers (see 
eTable 9 in the Supplement) and gene expression profiles (see eFigure 5 in the Supplement) 
were replicated. 

Discussion 
CAP and HAP are distinct clinical entities, caused by different pathogens and – by definition 
– affecting different patient populations. We hypothesized that HAP would be associated 
with a blunted innate host response due to an immune suppressive effect of the condition 
that led to hospitalization in these patients. However, in contrast with our hypothesis we 
here show that the host response to CAP and HAP requiring ICU admission is largely similar, 
encompassing strong systemic pro-inflammatory, procoagulant and vascular reactions, 
and a >75% common blood leukocyte genomic response. Amongst pathways that were 
differentially expressed between CAP and HAP patients, blood leukocytes of HAP patients 
displayed a reduced expression of genes involved in type I interferon signaling. Considering 
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that type I interferon signaling is an important antibacterial effector pathway15, it is tempting 
to speculate that this reduced response contributes to the increased susceptibility of 
hospitalized patients to infections by relatively less virulent pathogens, thereby providing a 
clinical observational basis for preclinical studies on secondary pneumonia by nosocomial 
pathogens following immune suppression caused by extra-pulmonary disease. 
CAP and HAP patients presented with similar disease severities upon ICU admission and 
showed similar mortality rates. Moreover, the disease courses were comparable between 
HAP and CAP, with similar incidences of ICU-acquired complications. The present data are 
in accordance with previous investigations. Indeed, while earlier studies reported lower 
mortality rates in hospitalized patients with CAP than in patients with HAP16,17, mortality was 
similar in patients requiring ICU admission18,19. Notably, surveys comparing the outcomes 
of hospital-acquired and community-acquired sepsis after ICU admission reported higher 
mortality rates in the former group20,21. Considering that all pneumonia patients included in 
the present study had sepsis according to the definition proposed in the 2001 International 
Sepsis Definitions Conference22, these data suggest that the admission origin differentially 
impacts sepsis outcome depending on the primary source of infection. 
There is abundant preclinical evidence that (sub)acute illness makes animals vulnerable 
to infection by nosocomial respiratory pathogens5-7. This has been attributed to immune 
suppression caused by the illness preceding pneumonia5-7. In accordance, patients with 
various infectious and non-infectious diseases and/or injuries demonstrate impaired 
immune responses, affecting both innate and adaptive immunity2,8. We therefore argued that 
hospitalized patients who develop respiratory tract infection might show an altered immune 
response during pneumonia when compared with patients who acquired the infection in 
the community. Knowledge regarding the host response during hospital-acquired and 
community-acquired infection is also relevant in the context of sepsis, considering that most 
clinical trials that tested immune modulatory agents in patients with sepsis (the majority 
of whom with pneumonia) enrolled patients irrespective of admission source. Literature 
on comparative analyses of the host response during hospital-acquired and community-
acquired infections is scarce. One study reported similar procalcitonin levels in CAP and HAP 
patients upon ICU admission23. Another investigation found lower peak levels of procalcitonin 
and C3a in patients with hospital-acquired bloodstream infection when compared with 
community-acquired bloodstream infection24. We here studied the host response during 
CAP and HAP, first by using a targeted approach through measuring 19 plasma biomarkers 
providing insight in systemic inflammatory and cytokine responses, and activation of the 
coagulation system and the vascular endothelium, representing key host response pathways 
implicated in sepsis pathogenesis2. While the majority of responses were similarly altered 
in CAP and HAP patients relative to healthy controls, some differences were detected. 
When compared with normal levels, the plasma concentrations of the extracellular matrix 
metalloproteinase MMP8 (a marker of systemic inflammation), soluble E-selectin (reflecting 
endothelial cell activation) and the anticoagulant protein C were less altered in HAP patients, 
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suggesting a mitigated reaction relative to CAP patients. These differences remained in 
various sensitivity and subgroup analyses seeking to reduce bias caused by differences in 
the prevalence of comorbid COPD and causative pathogens. Notably, relatively reduced 
MMP8 and soluble E-selectin levels link with part of the leukocyte transcriptomics data in 
HAP patients (see below). 
We also used an unbiased method to compare the host response in CAP and HAP patients, by 
determining the blood leukocyte transcriptome and subsequent pathway analysis. Genome-
wide blood leukocyte transcriptomes were predominantly similar in HAP and CAP patients. 
Typical pro-inflammatory, anti-inflammatory and T cell signaling gene sets were commonly 
altered in HAP and CAP patients. Of note, key cellular metabolic pathways (mitochondrial 
dysfunction, EIF2 and mTOR signaling) were also similarly changed between patient groups. 
Recent evidence shows that transcriptionally programmed metabolic alterations in innate 
immune cells, attuned to the Warburg effect in cancerous cells25, play a highly influential 
role on the initiation and course of inflammatory responses26. Despite the pronounced 
similarities between HAP and CAP patients, differences were also uncovered. We identified 
significant over-expression of genes involved in cell-cell junction remodeling, adhesion and 
diapedesis in HAP patients relative to CAP patients. Interestingly, MMP-8 has been shown to 
facilitate the extravasation of leukocytes, while membrane-bound E-selectin can expedite 
leukocyte adhesion and extravasation (diapedesis)27. E-selectin is proteolytically cleaved 
and “shed” into the circulation as a soluble form upon endothelial activation14; this process 
may on the one hand enhance leukocyte recruitment at local inflammatory sites, while on 
the other hand may also limit leukocyte-endothelium adhesion and rolling. Thus, the lower 
abundances of MMP-8 and soluble E-selectin in HAP patients suggests a heightened capacity 
for leukocyte-endothelium adhesion and diapedesis. This interpretation is in line with our 
blood transcriptomic data revealing increased expression of genes involved in leukocyte 
adhesion and diapedesis. Of considerable interest, we showed under-expression of a type-I 
interferon signaling gene signature in HAP patients, encompassing reduced expression of the 
critical transcription factors IRF7 and STAT2. Type-I interferon signaling has been implicated 
as an important part of an adequate initiate immune cell response during bacterial and 
fungal infections15. Against this backdrop our data suggest hospitalized patients may be more 
susceptible to infections caused by less virulent pathogens because of diminished capacities 
of leukocytes to deploy type-I interferon defense mechanisms. Caution regarding this 
conclusion is warranted, however. CAP and HAP patients differed considerably with regard to 
comorbid COPD and microbiology, and differential expression of type-I interferon signaling 
could not be detected in an analysis in which CAP and HAP patients were matched for these 
two potential confounders. Elimination of confirmed viral pneumonia’s (more frequent in 
CAP patients) did not affect analyses of protein or molecular biomarkers.   
Our study has strengths and limitations. This is the first study to extensively compare the 
host response between patients admitted to the ICU with HAP or CAP, and – in a more 
general way- between patients with hospital-acquired and community-acquired sepsis. 
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The relatively large sample size allowed for several subgroup and sensitivity analyses to 
limit potential bias caused by differences in chronic comorbid conditions (especially COPD) 
and causative pathogens in CAP and HAP patients. Our analyses were restricted to patients 
who required intensive care and may not be applicable to patients on general wards. Host 
response parameters were analyzed at the time of ICU admission and did not include the 
days preceding the diagnosis of pneumonia. 
In conclusion, HAP and CAP patients were characterized by largely similar clinical severity 
indices and outcomes, and a predominantly similar host response at ICU admission.  
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Supplementary Content

eMethods   containing information on definitions and comorbidities, plasma biomarker 
measurements, microarray analysis and bioinformatics, subgroup and 
sensitivity analyses. 

eTable 6.   Diagnostic criteria for community-acquired and hospital-acquired pneumonia 
(only patients with probable or definite pneumonia were included in this study).

eTable 2.  Causative pathogens. 
eTable 3.   Baseline characteristics, ICU-acquired complications and mortality of patients 

admitted with community-acquired or hospital-acquired pneumonia included 
in the blood whole genome analyses.

eTable 4.   Causative pathogens of patients included in the blood whole genome analyses.
eTable 5.   Admission white blood cell counts and differentials in patients included in the 

blood whole genome analyses.
eTable 6.   Propensity matched cohort (matched for presence or absence of COPD and for 

infection type).
eTable 7.   Plasma protein biomarkers in propensity matched cohort (matched for presence 

or absence of COPD and infection type).
eTable 8.   Plasma protein biomarkers in patients without chronic obstructive pulmonary 

disease.
eTable 9.   Plasma protein biomarkers in patients without viral pneumonia.

eFigure 1.   CONSORT diagram of included patients.
eFigure 2.   Principal component analysis of significantly different leukocyte transcriptional 

responses between HAP and CAP patients.
eFigure 3.   Blood leukocyte transcriptional responses in propensity matched HAP and CAP 

patients (matched for presence or absence of COPD and infection type).
eFigure 4.   Blood leukocyte transcriptional responses in HAP compared to CAP patients 

without chronic obstructive pulmonary disease.
eFigure 5.  Blood leukocyte transcriptional responses in HAP and CAP without viral 

pneumonia.
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Methods

Definition of comorbidities
Immunocompromise was defined as a medical history of immune deficiency, human immune 
deficiency virus (HIV) or acquired immune deficiency syndrome (AIDS), or by the use of 
corticosteroids or antineoplastic medication. Cardiovascular insufficiency was defined as having 
a medical history of congestive heart failure, chronic cardiovascular disease, peripheral vascular 
disease or cerebrovascular disease. Malignancy was defined as a medical history of either non-
metastatic solid tumor, metastatic malignancy or hematologic malignancy. Renal insufficiency 
was defined as a history of chronic renal insufficiency or chronic intermitted hemodialysis or 
continuous ambulatory peritoneal dialysis. Respiratory insufficiency was defined as chronic 
obstructive pulmonary disease or respiratory insufficiency in the medical history. 

Plasma biomarker measurements
Blood was obtained on admission of 183 CAP and 192 HAP patients and stored within 4 
hours at -80oC. Measurements were done in EDTA anti-coagulated plasma. Tumor necrosis 
factor-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, interferon-γ, soluble E-selectin, soluble 
intercellular adhesion molecule-1 and fractalkine were measured by FlexSet cytometric bead 
array (BD Biosciences, San Jose, CA) using FACS Calibur flow cytometer (Becton Dickenson, 
Franklin Lakes, NJ). Matrix metalloproteinase-8, angiopoietin-1, angiopoietin-2, protein C, 
antithrombin (all R&D systems, Abingdon, UK) and D-dimer (Procartaplex, eBioscience, San 
Diego, CA) were measured by Luminex multiplex assay using BioPlex 200 (BioRad, Hercules, 
CA). C-reactive protein was determined by immunoturbidimetric assay (Roche diagnostics).
Prothrombin time (PT) and activated partial thromboplastin time (aPTT) were determined by 
using a photometric method with Dade Innovin Reagent or by Dade Actin FS Activated PTT 
Reagent, respectively (both Siemens Healthcare Diagnostics). Normal plasma protein values 
were acquired from EDTA plasma from 27 age- and gender-matched healthy volunteers (from 
whom written informed consent was obtained), with the exception of C-reactive protein, 
PT and aPTT for which routine laboratory reference values were used. The lower limits of 
detection for the immune assays were: 0.9 for TNF-α , 0.9 pg/mL for IL-6, 1.3 pg/mL for IL-8, 1.3 
for IL-1β, 0.8 pg/mL for IL-10, 0.7 for IL-13, 2.9 for interferon-γ, 3.1 pg/mL for soluble E-selectin, 
6.3 pg/mL for soluble ICAM-1, 10.1 pg/mL for fractalkine, 0.1 pg/mL for MMP-8, 0.2 pg/mL for 
angiopoietin-1 and 1.8 pg/mL for angiopoietin-2, 6719.4 pg/mL for protein C, 2548.5 pg/mL 
for antithrombin,2630.9 pg/mL for D-dimer.

Microarray analysis and bioinformatics
For gene expression measurements, whole blood was collected in PAXgene™ tubes (Becton-
Dickinson, Breda, the Netherlands) within 24 hours after ICU admission of patients enrolled 
between January, 2011 and July, 2012 with probable or definite pneumonia (110 CAP and 111 
HAP patients) according to criteria previously described1 (and eTable 1 in the Supplement). 
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Some of these patients were previously used to discover a molecular biomarker for the 
discrimination between CAP and non-infectious causes of acute respiratory failure upon 
ICU admission2. PAXgene blood samples were also obtained from 42 healthy controls 
(median age 35 (interquartile range 30-63) years; 57% male) after providing written informed 
consent. Total RNA was isolated using the automated QIAcube machine (Qiagen, Venlo, the 
Netherlands) in combination with the blood mRNA kit (Qiagen) according to manufacturer’s 
instructions. Quality and integrity of RNA was assessed by Nanodrop spectrophotometry 
(260:280nm) and bioanalysis (Agilent, Amstelveen, the Netherlands). RNA (RNA integrity 
number > 6.0) was processed and hybridized to the Human Genome U219 96-array plate 
using the GeneTitanR instrument (Affymetrix) at the Cologne Center for Genomics, Cologne, 
Germany, as described by the manufacturer (Affymetrix). Raw data scans (.CEL files) were 
read into the R language and environment for statistical computing (version 2.15.1; R 
Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/). Pre-
processing and quality control was performed by using the Affy package version 1.36.13. 
Array data were background corrected by Robust Multi-array Average, quantiles-normalized 
and summarized by medianpolish using the expresso function (Affy package). The resultant 
49,386 probe intensities were filtered by means of a 0.5 variance cutoff using the genefilter 
method4 to recover 24,646 expressed probes. The occurrence of non-experimental chip 
effects was evaluated by means of the Surrogate Variable Analysis (R package version 3.4.0)5 
and corrected by the empirical Bayes method ComBat6. The non-normalized and normalized 
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) gene expression data sets are 
available at the Gene Expression Omnibus public repository of NCBI under accession number 
GSE65682.
The 24,646 probes were assessed for differential abundance by means of the limma 
method (version 3.14.4)2,7-9. Throughout Benjamini-Hochberg (BH)10 multiple comparison 
adjusted probabilities, correcting for the 24,646 probes (false discovery rate < 5%), defined 
significance. Ingenuity Pathway Analysis (Ingenuity Systems IPA, www.ingenuity.com) was 
used to evaluate the association to canonical signaling pathways stratifying genes by over- 
and under-expressed patterns. The Ingenuity gene knowledgebase was selected as reference 
and human species specified. All other parameters were default. Association significance 
was measured by Fisher’s exact test BH-adjusted p-values. Principal component analysis and 
visualization were performed in R (package mixOmics, version 5.2.0).  

Subgroup and sensitivity analyses
CAP and HAP patients were matched using logistic regression propensity score matching 
implemented in the R library MatchIt (version 3.2.3). The propensity score included the 
variables: comorbid COPD and type of infection specified as pure gram-positive infection, pure 
gram-negative infection and combined gram-positive and gram-negative infection; patients 
with viral, yeast and unknown infections were excluded. Subgroup analyses included patients 
without COPD (i.e., all COPD patients excluded) and patients without confirmed viral infection.  
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eTable 1. Diagnostic criteria for community-acquired and hospital-acquired pneumonia (only 
patients with probable or definite pneumonia were included in this study).

Community-acquired pneumonia

Clinical setting Patients presenting with respiratory symptoms within 48 hours of hospital admission

Possible • Abnormal chest radiograph of uncertain cause
and low clinical suspicion of pneumonia with at least one of the following symptoms/signs:

a) cough
b) new onset of purulent sputum or change in character of sputum
c) fever or hypothermia
d) leukocytosis
e) elevated CRP (>30 mg/l)
f) hypoxemia (pO2<60 mmHg)

Probable 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of the criteria at possible
and one or more of the following:

a) rales or dullness to percussion on physical examination of the chest
b) positive rapid diagnostic tests such as Legionella or pneumococcal

Definite 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia and at least two of the criteria at probable
and isolation of a likely pulmonary pathogen, with at least one of the following
symptoms/signs:

a) pathogen cultured from blood
b) pathogen in high concentration from a quantitative lower respiratory tract sample
c) isolation of virus from or detection of viral antigen in respiratory secretions
d) diagnostic single antibody titer (IgM) or fourfold increase in paired sera (IgG) for patho-

gen
e)  histopathologic evidence of pneumonia

Hospital-acquired pneumonia

Clinical setting Patients with respiratory symptoms that started more than 48 hours after hospital or nursing 
home admission, but without mechanical ventilation (or onset of pneumonia within 48 hours after 
start of mechanical ventilation)

Possible 1. Abnormal chest radiograph of uncertain cause
and low clinical suspicion of pneumonia with at least one of the following symptoms/signs:

a) cough
b) new onset of purulent sputum or change in character of sputum
c) fever or hypothermia
d) leukocytosis
e) elevated CRP (>30 mg/l)
f) hypoxemia (pO2<60 mmHg)

Probable 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of the criteria at possible
and one or more of the following:

a) isolation of an etiologic agent from a specimen obtained by transtracheal aspirate, 
bronchial brushing, or biopsy

b) likely/possible respiratory pathogen in concentrations below threshold (104 in BAL and 
103 in protected specimen brush) using quantitative cultures of a lower respiratory 
tract sample (endotracheal aspirate, BAL, or protected specimen brush)

Definite 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of criteria at probable
and at least one of the following:

a) likely/possible respiratory pathogen cultured from blood;
b) likely/possible respiratory pathogen in concentrations above threshold (104 in BAL and 

103 in protected specimen brush) using quantitative cultures of a lower respiratory 
tract sample

c) isolation of virus from or detection of viral antigen in respiratory secretions
d) diagnostic single antibody titer (IgM) or fourfold increase in paired sera (IgG) for pathogen
e) histopathologic evidence of pneumonia
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eTable 2. Causative pathogens. 

Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 231 (51.0%) 222 (49.0%)
Assigned pathogens 203 247 P value

Gram-positive 85 (36.8%) 51 (23.0%) 0.002
Gram-positive bacilli 3 (1.3%) 7 (3.2%) 0.21
Gram-positive cocci 1 (0.4%) 1 (0.5%) >.99
Streptococcus pneumoniae 51 (22.1%) 8 (3.6%) <.0001
Streptococcus pyogenes 2 (0.9%) - 0.50
Streptococcus viridans 1 (0.4%) 1 (0.5%) >.99
Streptococcus species 4 (1.7%) 1 (0.5%) 0.37
Staphylococcus aureus 23 (10.0%) 33 (14.9%) 0.12

Gram-negative 56 (24.2%) 143 (64.4%) <.0001
Acinetobacter baumannii 1 (0.4%) 1 (0.5%) >.99
Bacteroides species - 1 (0.5%) 0.49
Citrobacter species - 3 (1.4%) 0.12
Coxiella burnetii 1 (0.4%) - >.99
Enterobacter cloacae 2 (0.9%) 14 (6.3%) 0.002
Enterobacter species 2 (0.9%) 1 (0.5%) >.99
Escherichia coli 12 (5.2%) 34 (15.3%) <.001
Haemophilus influenzae 17 (7.4%) 24 (10.8%) 0.25
Haemophilus species 1 (0.4%) - >.99
Klebsiella oxytoca 1 (0.4%) 4 (1.8%) 0.21
Klebsiella pneumoniae 1 (0.4%) 16 (7.2%) <.0001
Klebsiella species - 1 (0.5%) 0.49
Legionella pneumophila 2 (0.9%) - 0.50
Morganella species 1 (0.4%) - >.99
Proteus mirabilis 1 (0.4%) 2 (0.9%) 0.48
Proteus vulgaris - 1 (0.5%) 0.49
Pseudomonas species - 2 (0.9%) 0.24
Pseudomonas aeruginosa 12 (5.2%) 22 (9.9%) 0.07
Rickettsia rickettsii 1 (0.4%) - >.99
Serratia marcescens 1 (0.4%) 10 (4.5%) 0.01
Stenotrophomonas maltophilia - 7 (3.2%) 0.01

Virus 38 (16.5%) 9 (4.1%) <.0001
Adenovirus 1 (0.4%) - >.99
Cytomegalovirus - 1 (0.5%) 0.49
Influenza virus 24 (10.4%) 3 (1.4%) <.0001
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Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 231 (51.0%) 222 (49.0%)
Assigned pathogens 203 247 P value

Other viruses (incl respiratory 
viruses) 13 (5.6%) 5 (2.3%) 0.09

Yeast/Fungi 16 (6.9%) 37 (16.7%) 0.001
Aspergillus species 3 (1.3%) 13 (5.9%) 0.01
Aspergillus fumigatus 2 (0.9%) 7 (3.2%) 0.10
Candida glabrata - 1 (0.5%) 0.49
Other yeasts or fungi 4 (1.7%) 12 (5.4%) 0.04
Pneumocystis jiroveci 7 (3.0%) 4 (1.8%) 0.54

Other 8 (3.5%) 7 (3.2%) >.99
Anaerobic bacteria (not other-
wise specified) - 1 (0.5%) 0.49

Other pathogens 8 (3.5%) 6 (2.7%) 0.79
Unknown 58 (25.1%) 31 (14.0%) 0.003

Percentages depict the portion of infections (CAP N = 231, HAP N = 222) caused by the pathogen indicated; in 28 
(12.1%) of all CAP and in 48 (21.7% ) of all HAP more than one pathogen was assigned as causative.
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eTable 3. Baseline characteristics, ICU-acquired complications and mortality of patients admitted 
with community-acquired or hospital-acquired pneumonia included in the blood whole genome 
analyses.

Community-acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients 110 111
Demographics
Age, mean (SD) 61.4 (16.5) 61.3 (15.0) 0.96
Gender male, n (%) 63 (57.3%) 74 (66.7%) 0.17
BMI mean (SD) 24.7 (5.2) 25.4 (5.7) 0.39
Race, white, n (%) 92 (83.6%) 97 (87.4%) 0.18
Medical admission, n (%) 106 (96.4%) 89 (80.2%) 0.001
Length of hospital stay prior to ICU  
admission 0 [0-1] 7 [5-14] <.0001

Chronic comorbidity, n (%)
None 21 (19.1%) 32 (28.8%) 0.12
Cardiovascular compromise 28 (25.5%) 26 (23.4%) 0.75
COPD 30 (27.3%) 18 (16.2%) 0.05
Diabetes 25 (22.7%) 16 (14.4%) 0.12
Hypertension 32 (29.1%) 31 (27.9%) 0.89
Malignancy 25 (22.7%) 26 (23.4%) >.99
Renal insufficiency 16 (14.5%) 13 (11.7%) 0.55
Respiratory insufficiency 32 (29.1%) 22 (19.8%) 0.12
Charlson comorbidity index 4 [3-6] 4 [2-6] 0.48

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 80 [64-97] 77 [63-98] 0.44
SOFA score, median [IQR] 7 [5-9] 7 [4-9] 0.23
Mechanical ventilation, n (%) 76 (69.1%) 88 (79.3%) 0.10
Organ failure, n (%) 90 (81.8%) 95 (85.6%) >.99
Shock, n (%) 37 (33.6%) 31 (27.9%) 0.37
Acute kidney injury 30 (27.3%) 27 (24.3%) 0.66
Acute lung injury 43 (39.1%) 42 (37.8%) 0.89
Acute myocardial infarction 2 (1.8%) 1 (0.9%) 0.62

Outcome
Length of ICU stay, days, median 
[IQR]a 5 [2-11] 6 [3-11] 0.23

Length of hospital stay, days median 
[IQR]b 14 [8-23] 18 [10-39] 0.02

Complications, n (%)
None 88 (80.0%) 89 (80.2%) >.99
Acute kidney injury 12 (10.9%) 11 (9.9%) 0.83
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Community-acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients 110 111

Acute lung injury 6 (5.5%) 2 (1.8%) 0.16
Acute myocardial infarction - 1 (0.9%) >.99
ICU-acquired infection 12 (10.9%) 13 (11.7%) >.99

Mortality, n (%)
ICU 17 (15.5%) 18 (16.2%) >.99
Hospital 27 (24.5%) 35 (31.5%) 0.29
30 day 25 (22.7%) 29 (26.1%) 0.62
90 days 35 (31.8%) 42 (37.8%) 0.48
1 year 48 (43.6%) 54 (48.6%) 0.59

Abbreviations: APACHE: acute physiology and chronic health evaluation. COPD: chronic obstructive pulmonary 
disease. ICU: intensive care unit. SOFA: sequential organ failure assessment.
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.
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eTable 4. Causative pathogens of patients included in the blood whole genome analyses.

Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 110 111 

Assigned pathogens 102 117  P value

Gram-positive 46 (41.8%) 18 (16.2%) <.0001
Gram-positive bacilli 1 (0.9%) - >.99
Gram-positive cocci - - -
Streptococcus pneumoniae 25 (22.7%) 2 (1.8%) <.0001
Streptococcus pyogenes 2 (1.8%) - 0.25
Streptococcus viridans 1 (0.9%) - >.99
Streptococcus species 3 (2.7%) 1 (0.9%) 0.37
Staphylococcus aureus 14 (12.7%) 15 (13.5%) >.99

Gram-negative 31 (28.2%) 73 (65.8%) <.0001
Acinetobacter baumannii - - -
Bacteroides species - - -
Citrobacter species - 3 (2.7%) 0.25
Coxiella burnetii 1 (0.9%) - >.99
Enterobacter cloacae 2 (1.8%) 8 (7.2%) 0.10
Enterobacter species 1 (0.9%) - >.99
Escherichia coli 5 (4.5%) 18 (16.2%) 0.01
Haemophilus influenzae 12 (10.9%) 10 (9.0%) 0.80
Haemophilus species 1 (0.9%) - >.99
Klebsiella oxytoca 1 (0.9%) 3 (2.7%) 0.62
Klebsiella pneumoniae 1 (0.9%) 8 (7.2%) 0.04
Klebsiella species - 1 (0.9%) >.99
Legionella pneumophila 1 (0.9%) - >.99
Morganella species - - -
Proteus mirabilis 1 (0.9%) 1 (0.9%) >.99
Proteus vulgaris - 1 (0.9%) >.99
Pseudomonas species - - -
Pseudomonas aeruginosa 5 (4.5%) 10 (9.1%) 0.29
Rickettsia rickettsii - - -
Serratia marcescens - 6 (5.4%) 0.04
Stenotrophomonas maltophilia - 4 (3.6%) 0. 13

Virus 11 (10.0%) 2 (1.8%) 0.02
Adenovirus 1 (0.9%) - >.99
Cytomegalovirus - - -
Influenza virus 7 (6.4%) 1 (0.9%) 0.04
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Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 110 111 

Assigned pathogens 102 117  P value

Other viruses (incl respiratory viruses) 3 (2.7%) 1 (0.9%) 0.37
Yeast/Fungi 9 (8.2%) 17 (15.3%) 0.15

Aspergillus species 3 (2.7%) 5 (4.5%) 0.72
Aspergillus fumigatus - 2 (1.8%) 0.49
Candida glabrata - - -
Other yeasts or fungi 1 (0.9%) 7 (6.3%) 0.07
Pneumocystis jiroveci 5 (4.5%) 3 (2.7%) 0.50

Other 5 (4.5%) 7 (6.3%) 0.77

Anaerobic bacteria  
(not otherwise specified) - 1 (0.9%) >.99

Other pathogens 5 (4.5%) 6 (5.4%) >.99
Unknown 26 (23.6%) 20 (18.0%) 0.39

Percentages depict the portion of infections (CAP N = 110, HAP N = 111) caused by the pathogen indicated; in 16 
(14.5%) of all CAP and in 22 (19.8% ) of all HAP more than one pathogen was assigned as causative.
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eTable 5. Admission white blood cell counts and differentials in patients included in the blood 
whole genome analyses.

Community- acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients  72 53 

White blood cells 13.75 [9,57-17.65] 14.30 [10.3-20.7] 0.40
Neutrophils 15.45 [8.16-68.02] 12.66 [9.27-74.58] 0.67
Lymphocytes 0.80 [0.54-1.97] 0.88 [0.55-1.58] 0.76
Eosinophils 0.03 [0.01-0.08] 0.03 [0.01-0.13] 0.34
Basophils 0.02 [0.01-0.04] 0.02 [0.01-0.04] 0.90
Monocytes 0.59 [0.29-0.93] 0.76 [0.43-1.39] 0.16

Data are medians [interquartile ranges] x 109/L. 
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eTable 6. Propensity matched cohort (matched for presence or absence of COPD and for infection 
type*).

Community-  
acquired  

pneumonia

Hospital- 
acquired 

pneumonia P value 
Patients 85 85
Demographics
Age, years, mean (SD) 62.1 (15.0) 61.5 (16.0) 0.81
Gender male, n (%) 50 (58.8%) 63 (74.1%) 0.06
Body mass index mean (SD) 24.7 (6.9) 25.0 (4.8) 0.73
Race, white, n (%) 173 (87.8%) 194 (89.0%) 0.60
Medical admission, n (%) 81 (95.3%) 74 (87.1%) 0.11
Length of hospital stay prior to ICU admission 0 [0-0] 8 [4-19] <.0001
Chronic comorbidity, n (%)

None 23 (27.1%) 28 (32.9%) 0.51
Cardiovascular insufficiency 22 (25.9%) 23 (27.1%) >.99
COPD 15 (17.6%) 15 (17.6%) >.99
Diabetes 14 (16.5%) 13 (15.3%) >.99
Malignancy 17 (20.0%) 28 (32.9%) 0.08
Renal insufficiency 9 (10.6%) 6 (8.2%) 0.81
Respiratory insufficiency 18 (21.2%) 16 (18.8%) 0.84
Charlson comorbidity index 4 [2-6] 5 [3-6] 0.36

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 81 [63-104] 81 [66-100] 0.88
SOFA score, median [IQR] 7 [5-9] 7 [4-8] 0.14
Mechanical ventilation, n (%) 60 (70.6%) 62 (72.9%) 0.88
Organ failure, n (%) 71 (83.5%) 72 (84.7%) >.99
Shock, n (%) 31 (36.5%) 25 (29.4%) 0.40
Acute kidney injury, n (%) 29 (34.1%) 18 (21.2%) 0.09
Acute respiratory distress syndrome, n (%) 32 (37.6%) 27 (31.8%) 0.52
Acute myocardial infarction, n (%) 2 (2.4%) 1 (1.2%) >.99

Causative pathogens
Pure gram-positive 36 (42.4%) 36 (42.4%) >.99
Pure gram-negative 45 (52.9%) 45 (52.9%) >.99
Mixed gram-positive and gram-negative 4 (4.7%) 4 (4.7%) >.99

Outcome
Length of ICU stay, days, median [IQR]a 5 [2-10] 5 [2-10] 0.74
Length of hospital stay, days, median [IQR]b 13 [8-24] 19 [8-36] 0.09
ICU-acquired complications, n (%)

None 70 (82.4%) 68 (80.0%) 0.85
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Community-  
acquired  

pneumonia

Hospital- 
acquired 

pneumonia P value 
Patients 85 85

Acute kidney injury 8 (9.4%) 10 (11.8%) 0.81
Acute respiratory distress syndrome 4 (4.7%) 0 (0%) 0.12
Acute myocardial infarction 0 (0%) 2 (2.4%) 0.49
ICU-acquired infection 6 3 0.50

Mortality, n (%)
ICU 12 (14.1%) 17 (20.0%) 0.42
Hospital 25 (29.4%) 29 (34.1%) 0.62
30 days 20 (23.5%) 29 (34.1%) 0.17
90 days 28 (32.9%) 36 (42.4%) 0.29
1 year 36 (42.4%) 44 (51.8%) 0.30

*CAP and HAP patients were matched using logistic regression propensity score matching implemented in the R 
library Matchit (version 3.2.3) for the presence or absence of COPD and for infection type, specified as pure gram-
positive, pure gram-negative or mixed gram-positive and gram-negative (excluding viral, fungal or unknown 
causes).   
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.
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eTable 7. Plasma protein biomarkers in propensity matched cohort (matched for presence or 
absence of COPD and infection type*).

Community-acquired 
pneumonia

Hospital-acquired  
pneumonia

P value**

Inflammatory and cyto-
kine responses 68 71

C-reactive protein (mg/L) 200.00 [152-277] 218.5 [122-327] 0.68
Interleukin-6 (pg/mL) 230.61 [48.78-1810.34] 124.40 [40.94-471.71] 0.22
Interleukin-8 (pg/mL) 109.62 [42.65-813.5] 87.63 [28.83-295.69] 0.28
Interleukin-10 (pg/mL) 13.41 [4.87-61.08] 8.99[3.15-39.68] 0.8
MMP-8 (ng/mL) 2.84 [1.36-8.71] 1.72 [0.58-6] 0.04
Procoagulant response 68 71
D-dimer (µg/mL) 6.89 [3.28-15.96] 8.31 [4.04-15.74] 0.91
PT (sec) 14.85 [13.4-18.85] 15.6 [13.2-17.7] 0.58
APTT (sec) 37.00 [29-51] 39.0 [30-51] 0.85
Protein C (ng/mL) 98.23 [73.05-115.52] 129.06 [97.04-174.37] <.001
Antithrombin (ng/mL) 740.56 [576.4-1084.42] 792.99 [635.48-1037.15] 0.59
Endothelial cell activation 68 71
sE-Selectin (ng/mL) 13.22 [7.13-21.63] 4.95 [3.23-13.1] <.0001
sICAM-1 (ng/mL) || 170.60 [93.11-298.27] 131.27 [92.51-206.91] 0.07
Fractalkine (pg/mL) 24.19 [17.38-73.34] 24.07 [15.89-44.35] 0.34
Angiopoietin-1 (ng/mL) 2.05 [0.93-4.59] 3.01 [0.81-7.6] 0.32
Angiopoietin-2 (ng/mL) 6.72 [3.01-12.7] 4.83 [2.29-9.66] 0.25

*CAP and HAP patients were matched using logistic regression propensity score matching implemented in the R 
library Matchit (version 3.2.3) for the presence or absence of COPD and for infection type, specified as pure gram-
positive, pure gram-negative or mixed gram-positive and gram-negative (excluding viral, fungal or unknown 
causes).  

**Benjamini-Hochberg corrected P value significant for Protein C and s-Eselectin.

Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL: interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase.
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eTable 8. Plasma protein biomarkers in patients without chronic obstructive pulmonary disease.

Community-acquired 
pneumonia

Hospital-acquired 
pneumonia

P value*

Inflammatory and cytokine 
responses 134 134
C-reactive protein (mg/L) 199.5 [126-285] 216.0 [108-304] 0.80
Interleukin-6 (pg/mL) 140.25 [36.19-1350.66] 165.54 [41.36-939.41] 0.84
Interleukin-8 (pg/mL) 91.94 [33.64-443.82] 121.21 [36.35-385.09] 0.67
Interleukin-10 (pg/mL) 12.65 [4.19-35] 9.90 [3.59-34.56] 0.60
MMP-8 (nhg/mL) 2.97 [1.02-8.99] 1.90 [0.66-6.9] 0.03
Procoagulant response 134 134
D-dimer (µg/mL) 9.42 [4.1-16.3] 7.99 [4.07-16.47] 0.77
PT (sec) 15.3 [13.2-18.7] 15.6 [13.2-17.7] 0.47
APTT (sec) 37.0 [31-50.5] 36.0 [30-48] 0.56
Protein C (ng/mL) 100.43 [75.47-122.53] 128.41 [97.04-170.88] <.0001
Antithrombin (ng/mL) 742.50 [579.01-1127.47] 868.74 [578.8-1209.15] 0.27
Endothelial cell activation 134 134
sE-Selectin (ng/mL) 11.66 [6.62-23.5] 6.71 [3.37-16.51] <.0001
sICAM-1 (ng/mL) || 196.66 [110.94-314.96] 166.72 [98.79-283.69] 0.15
Fraktalkine (pg/mL) 25.53 [16.74-79.26] 25.59 [17.85-53.05] 0.92
Angiopoietin-1 (ng/mL) 1.88 [0.73-4.33] 1.88 [0.55-4.99] 0.93
Angiopoietin-2 (ng/mL) 7.03 [3.11-13.76] 4.83 [2.57-10.71] 0.06

* Benjamini-Hochberg corrected P value significant for Protein C and sE-selectin.
Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL. interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eTable 9. Plasma protein biomarkers in patients without viral pneumonia.

Community-acquired  
pneumonia

Hospital-acquired  
pneumonia

P value*

Inflammatory and cytokine 
responses 154 189
C-reactive protein (mg/L) 211.00 [147-314.5] 216.0 [110-304] 0.38
Interleukin-6 (pg/mL) 167.25 [33.57-1350.66] 144.88 [36.58-711.35] 0.75
Interleukin-8 (pg/mL) 96.05 [33.94-445.69] 104.14 [33.98-326.17] 0.84
Interleukin-10 (pg/mL) 12.21 [4.07-39.35] 8.37 [3.52-29.04] 0.19
MMP-8 (ng/mL) 3.07 [1.02-12.46] 1.88 [0.65-6.58] <.01
Procoagulant response 154 189
D-dimer (µg/mL) 8.32 [3.91-16.09] 7.70 [4.07-16.14] 0.95
PT (sec) 15.35 [13.2-19.05] 15.4 [12.85-17.22] 0.13
APTT (sec) 37.00 [31-51] 35.5 [30-47] 0.20
Protein C (ng/mL) 99.48 [78.02-123.63] 130.28 [97.04-173.3] <.0001
Antithrombin (ng/mL) 803.85 [610.54-1127.47] 853.13 [589.28-1229.9] 0.42
Endothelial cell activation 154 189
sE-Selectin (ng/mL) 11.87 [6.4-23.95] 6.50 [3.32-16] <.0001
sICAM-1 (ng/mL) || 167.38 [96.59-299.02] 164.92 [94.56-265.75] 0.53
Fraktalkine (pg/mL) 25.56 [17.97-67.89] 24.12 [17.18-48.6] 0.61
Angiopoietin-1 (ng/mL) 2.23 [0.9-4.71] 2.09 [0.63-5.89] 0.91
Angiopoietin-2 (ng/mL) 6.35 [3.06-12.86] 4.90 [2.69-10.34] 0.15

* Benjamini-Hochberg corrected P value significant for MMP-8, Protein C and sE-selectin.
Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL. interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eFigure 1. CONSORT diagram of included patients.

Flowchart of included patients. Abbreviations: CAP: community acquired pneumonia, ICU: intensive care unit; 
h: hours; N: number.
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eFigure 2. Principal component analysis of significantly different leukocyte transcriptional 
responses between HAP and CAP patients.

(A) Scree plot illustrating the variances across principal components. (B) 3D-representation of components 
1, 2 and 3 with group annotations as per HAP (hospital-acquired pneumonia) or CAP (community-acquired 
pneumonia) diagnosis. Expl. Var., explainable variance. PC, principal component.
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eFigure 3. Blood leukocyte transcriptional responses in propensity matched HAP and CAP patients 
(matched for presence or absence of COPD and infection type).

Volcano plot representation (integrating fold expression and adjusted probabilities) of HAP compared to 
CAP patients (matched cohort). Horizontal line denotes multiple-comparison adjusted (Benjamini-Hochberg 
method) probability threshold (<0.05). No genes were significantly different. Grey dots, non-significant genes. 
HAP, hospital-acquired pneumonia. CAP, community-acquired pneumonia.
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eFigure 4. Blood leukocyte transcriptional responses in HAP compared to CAP patients without 
chronic obstructive pulmonary disease.

Volcano plot representation (integrating fold expression and adjusted probabilities) of differential gene 
expression analysis results. Horizontal line denotes multiple-comparison adjusted (Benjamini-Hochberg 
method) probability threshold (<0.05). Red dots, significantly different over-expressed genes. Blue dots, 
significantly different under-expressed genes. Grey dots non-significant genes. HAP, hospital-acquired 
pneumonia. CAP, community-acquired pneumonia.
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eFigure 5. Blood leukocyte transcriptional responses in HAP and CAP without viral pneumonia. 

(A) Volcano plot representation of differential gene expression analysis results, integrating multiple-comparison 
adjusted (Benjamini-Hochberg) probabilities and fold expression. Horizontal line denotes genome-wide 
significance threshold < 0.05. red dots, significantly different over-expressed genes with fold expression > 1.2. 
Blue dots, significantly different under-expressed genes with fold expression < -1.2. (B) ingenuity pathway 
analysis results of significantly different genes in (A) stratified as over- or under-expressed patterns. Red bars, 
over-expressed canonical signaling pathways. Blue bar, under-expressed pathway. –log BH p-value, negative 
log-transformed multiple-test adjusted (Benjamini-Hochberg) fisher exact test probability.
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Abstract
Community-acquired pneumonia (CAP) is a major cause of morbidity and mortality 
worldwide. Increasing age has been associated with elevated circulating levels of pro-
inflammatory mediators. We aimed to determine the impact of aging on the systemic 
inflammatory response to CAP. In total 201 CAP patients were enrolled. Blood samples were 
obtained upon presentation, and day 2, 3, 5. For the current analysis patients ≤ 50 and ≥ 80 
years were included. Pneumonia Severity Index (PSI) score was calculated at presentation. 
The study encompassed 46 CAP patients ≤ 50 years (median 37 years) and 41 CAP patients ≥ 
80 years (median 84 years). In both groups Streptococcus pneumoniae was the most common 
causative microorganism. Whereas most young patients had a PSI score of I (54%), 98% of 
old patients had a PSI score ≥ III (P < 0.001). Four elderly patients died versus none of the 
young patients (P = 0.045). Olders patients demonstrated lower serum C-reactive protein 
levels on admission and during the course of their hospitalization (P = 0.001) in spite of more 
severe disease. Serum concentrations of pro-inflammatory (interleukin (IL)-6 and IL-8) and 
anti-inflammatory cytokines (IL-10 and IL-1 receptor antagonist) did not differ between age 
groups, although admission IL-8 levels tended to be higher in old patients (P = 0.05). Cytokine 
levels positively correlated with PSI in young but not in old patients. These results suggest 
that elderly patients show an absolute (C-reactive protein) or relative (cytokines) reduction in 
their systemic inflammatory response on admission for CAP.  
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Introduction
Community acquired pneumonia (CAP) is a leading cause of morbidity and mortality 
worldwide1. It is one of the most common infectious diseases requiring hospitalization and 
has an overall mortality of more than 3 million deaths yearly worldwide2. The incidence of 
CAP increases dramatically with high age and elderly people account for the majority of CAP-
related hospital admissions3; more than 60% of all CAP cases occur among those aged ≥ 65 
years of age4. In older adults, CAP is a potentially life threatening disease with an increased 
risk of severe sepsis and a more than doubled mortality rate5. More than one-third of all 
sepsis cases in elderly are due to pneumonia and the relative risk for sepsis is 13 times higher 
for those aged 65 or above6. Also, after hospital discharge the threat of mortality remains 
and almost half of all elderly patients surviving hospitalization for CAP die in the subsequent 
year7. Although older age is associated with increasing co-morbidity, institutionalization 
and underlying disease processes, this does not fully explain the higher disease burden and 
increased hospital and long term mortality caused by infections like CAP7-9. 
Ageing has been related with sustained low-grade inflammation, a process referred to as 
inflamm-aging10,11. It has been suggested that inflamm-aging can blunt acute immune 
responses and increase the susceptibility to infectious diseases12.  
In this study we aimed to determine differences in inflammatory responses between young 
and old individuals during the first days after admissions to the hospital for CAP. Considering 
that cytokines have short half-lives in the circulation and as a consequence thereof provide 
only temporary information on the systemic inflammatory response13, we here also included 
C-reactive protein (CRP) levels in our analysis.  

Methods

Inclusion criteria 
This prospective study included all patients of 18 years and over with confirmed pneumonia 
admitted to the emergency department of the St. Antonius Hospital (Nieuwegein, the 
Netherlands) from October 2004 until August 200614. Pneumonia was defined as new 
infiltrate on chest X-ray and at least two out of six of the following common clinical symptoms 
of pneumonia: cough, production of sputum, auscultatory findings concordant with 
pneumonia, temperature >38°C or <35°C, CRP elevated three times above normal (>15mg/L) 
or leukocytosis or leukopenia defined as white blood count >10x10^9/L, <4x10^9/L or 
>10% rods in leukocyte differentiation. Patients with a recent hospitalization (<30days), or 
defined immunodeficiency (congenital or acquired, including prednisone or its equivalent 
>20mg per day for more than three executive days or chemotherapy within the last 6 weeks) 
or haematologic malignancies were excluded from participation. For each patient the 
Pneumonia Severity Index (PSI)15 was calculated and clinical and laboratory parameters 
were recorded at inclusion. Blood was collected and processed for storage of serum samples. 
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Medical history, causative organism, length of hospital stay, intensive care admission and 
mortality were assessed. The medical ethical committee approved the study and written 
informed consent was obtained at the emergency department from all participating patients.
 
Assays
Blood samples were collected from every individual at presentation (day 1). Consecutive 
samples were drawn at 8 am of day 2, 3 and 5. Serum was separated by centrifugation and 
stored at -80 ºC. Systemic circulating concentrations of IL-6, IL-8, IL-10 and IL-1 receptor 
antagonist (IL-1RA) were measured by multiplex immunoassay from Biorad Laboratories 
(Hercules, CA, USA). CRP was measured using Roche Diagnostics (Mannheim, Germany).

Pathogen identification
At presentation to the emergency room two samples of peripheral blood cultures were taken. 
Blood cultures were regarded positive when a respiratory pathogen was cultured. Sputum 
cultures were taken at presentation or within 24h after admission. Sputum cultures were only 
used for further analysis when containing less than 25 epithelial cells per view in the absence 
of leukocytes, or less than 50 epithelial cells per view when leukocytes were present. When 
multiple microorganisms were found, the microorganism with the most abundant growth 
was considered the causative pathogen. Microorganisms causing atypical pneumonia, 
Mycoplasma pneumoniae, Legionella pneumophila and Chlamydophila pneumoniae and 
psittaci, were detected using polymerase chain reactions (PCRs) for detection of microbial DNA 
in sputum. Antigen testing was carried out in urine samples for Streptococcus pneumoniae and 
Legionella pneumophila at admission or within the first 24 hours. Mycoplasma pneumoniae, 
Coxiella burnetti or respiratory viruses (influenza A and B, parainfluenza viruses, adenovirus, 
respiratory syncytial virus) were detected using serological testing for the presence of 
antibodies. Only samples with a fourfold rise in antibody titres were considered positive. Viral 
culture for influenza viruses was done on pharyngeal swab samples. Pneumonia was defined 
of being of viral origin when a positive viral test was combined with negative cultures and 
negative antigen testing for bacterial pathogens. 

Statistical analysis
All statistical tests were done using IBM SPSS version 19, taking into account a two-tailed 
P value of <0.05. The difference between binary categorical data was assessed using a 
Chi-square test or a Fisher’s Exact test when appropriate. All cytokine data were tested for 
normal distribution using Q-Q plots and histograms. Continuous, non-parametrical data 
were analyzed using a Mann-Whitney U test. For longitudinal analyses over time, a regression 
analysis with mixed models, to account for correlation of the markers over time, was used. 
Correlations were tested using a Spearman rho test. 
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Results

Demographics, comorbidities and severity of disease
A total of 201 patients were included in the study14. For the current analysis only a subset of 
patients from this previously published cohort aged ≤50 years (N = 46) and aged ≥80 years (N 
= 41) were analyzed. Baseline characteristics of these patients are shown in Table 1. Men and 
women were equally distributed among young and old patients. As expected, old patients 
had more co-morbidities, in particular COPD (49% in elderly versus none in the young group, 
P < 0.001). Use of antibiotics prior to presentation to the emergency department was equally 
distributed between the two groups. With regard to disease severity, the PSI was significantly 
higher in elderly patients (P < 0.001), and elderly patients were in a higher PSI Fine class 
compared to young patients (P < 0.001). Because the PSI Fine class differentiation contains 
age as a variable factor, a modified PSI Fine score was calculated leaving age out. This 
modified PSI Fine score was not significantly different between the two groups (P = 0.132). 
Older patients had a longer length of stay in the hospital (median 14 days versus 8 days for 
young patients, P < 0.001), while the intensive care admission rate was similar in both groups. 
Mortality was higher in old patients; 4 old patients died (10%) compared to none of the young 
patients (P = 0.045).

Causative organisms
Table 2 shows the distribution of causative organisms in both groups. The causative 
microorganism could be identified for 76% of the young, and 56% of the elderly group (P 
< 0.05). For both groups Streptococcus pneumoniae was the most common causative 
microorganism (35% in young and 22% in old patients). There was no significant difference 
between the two groups with regard to causative pathogens, except for atypical pathogens 
(in particular Mycoplasma pneumoniae) which were not documented in old patients (15% vs 
0% P = 0.035).
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Table 1. General characteristics of patients with community acquired pneumonia in young  
(≤ 50 years) and old patients (≥ 80 years)

Age ≤ 50 years Age ≥ 80 years
P valueN % N %

Total 46 41
Male, n (%) 28 (61) 20 (49) 0.258
Age, mean (±SD) 37 (7,4) 84 (4)
Living arrangement

0.101
Home 46 (100) 38 (93)
Nursing facility - 3 (8)

Medical history
COPD - 20 (49) <0.001

Asthma 5 (10) - 0.057
Malignancy Locally - 5 (12) 0.015

Diabetes type II oral treatment - 5 (12) 0.020

Diabetes type II insulin - 6 (15) 0.009

Hypercholesterolemia - 3 (7) 0.101
CVA - 5 (12) 0.020

Hypertension - 12(29) <0.001

PVD - 5(12) 0.020
Pre-hospital antibiotic therapy 16 (35) 8(20) 0.145
PSI mean (±SD) 51 (21) 108 (30) <0.001
PSI Fine Class

<0.001

Low I 25 (54) -
Low II 14 (30) 1 (2)
Low III 5 (11) 15 (37)
Moderate IV 2 (4) 12 (29)
High V - 13 (32)

Modified PSI Fine score (mean ± SD) 18 (17) 29 (29) 0.132
Length of stay, (days) Median (IQR) 8 (7-14) 14 (10 -22) <0.001

ICU admission (days) 4 (9) 2 (5) 0.680
Death - 4 (10) 0.045

COPD: chronic obstructive pulmonary disease; CVA: cerebrovascular accident (stroke); PVD: peripheral vascular 
disease; PSI: pneumonia severity index; ICU: intensive care unit
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Table 2. Causative microorganism

 
Age ≤50 years Age ≥80 years

P valueN % N %
No microorganism cultured 11 (24) 18 (44) 0.048
Gram positive 19 (41) 11 (27) 0.156
   Streptococcus pneumoniae 16 (35) 9 (22) 0.620
   Staphylococcus aureus 2 (4) 2 (5) 1.000
   Other gram positive bacteria* 1 (2) - 1.000
Gram negative 3 (7) 6 (15) 0.215
   Haemophilus influenza 1 (2) 4 (10) 1.000
   Klebsiella pneumoniae - 2 (5) 0.750
   Pseudomonas aeruginosa 1 (2) - 1.000
   Other gram negative bacteria** 1 (2) - 1.000
Atypical 11 (24) 2 (5) 0.042

   Mycoplasma pneumoniae 7 (15) - 0.035
   Legionella pneumophila 2 (4) 2 (5) 1.000
   Other atypical bacteria*** 2 (4) - 0.042

Viral 2 (4) 4 (10) 0.415

* Non pneumococcal Streptococci 
** Acinetobacter calcoaceticus, Stenotrophomionas maltophilia 
*** Chlamydophila pneumoniae/psittaci, Coxiella burnetti 

Serum levels of markers of inflammation
Admission blood was obtained for determination of CRP from all patients (N = 87). For the 
assessment of IL-6, IL-8, IL-10 and IL-1RA levels, blood was obtained from 80% of young 
patients (N = 37), and from 80% of the elderly patients (N = 33), gradually diminishing following 
the duration of admission (indicated in Figure 1). Elderly patients showed overall significantly 
lower serum CRP during the course of their disease compared to young patients (figure 1A, 
P = 0.001). The difference was most discriminative at admission (P < 0.001). In contrast, the 
serum concentrations of IL-6, which is considered a main driver of the acute phase protein 
response, did not differ between elderly and young patients (Figure 1B). Serum IL-8 levels 
were higher in elderly patients on admission (P = 0.05 versus young patients); although mean 
IL-8 concentrations remained higher in older patients on subsequent days; the difference with 
young patients was not significant (Figure 1C, P = 0.24). Serum levels of the anti-inflammatory 
cytokines IL-10 (Figure 1D) and IL-1RA (Figure 1E) did not differ between groups. 
To determine whether serum CRP and cytokine levels correlated with severity of disease in 
the two age groups, we calculated Spearman’s correlation coefficients of the concentrations 
of these inflammation markers with the PSI score, as well as with the modified PSI score 
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(i.e., leaving the age factor out), on admission (Table 3). In young patients admission IL-6, IL-
8, IL-10 and IL-1RA positively correlated with the modified PSI score; correlations remained 
significant for IL-6 and IL-10 upon analysis of the unmodified PSI score. In contrast, admission 
cytokine concentrations did not correlate with either modified or unmodified PSI scores in 
elderly patients. Serum CRP did not correlate with (modified) PSI scores in either age group. 

Table 3. Correlation between CRP and cytokine levels, and Pneumonia Severity Index (PSI) on 
admission stratified according to age group

Age group Cytokine PSI Modified PSI

Age ≤ 50 years

CRP r 0.13 0.20

IL-6 r 0.40* 0.43**

IL-8 r 0.31 0.40*

IL-10 r 0.52** 0.57**

IL-1RA r 0.32 0.34*

Age ≥ 80 years

CRP r 0.22 0.26
IL-6 r -0.11 0.00
IL-8 r -0.17 -0.08
IL-10 r -0.04 0.04
IL-1RA r -0.14 -0.05

 
Modified PSI males = PSI – age, modified PSI females = PSI – (age-10)
* P value < 0.05
** P value < 0.01
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Figure 1. Levels of inflammatory markers.

Median values and standard error of the median
Pa= Mann Whitney U test day1
Pb= Longitudinal analysis over time using mixed models  
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Discussion
This study describes differences in the systemic inflammatory response between young (≤ 
50 years) and elderly patients (≥ 80 years) with CAP. The major finding of this study is that 
older patients had lower CRP levels on admission and the days thereafter, while cytokine 
concentrations showed marginal differences between age groups approaching significance 
only for admission IL-8. 
Old age is associated with chronic elevation of pro-inflammatory cytokines and CRP, a 
condition that has been referred to as inflamm-aging11. It has been postulated that in aging 
individuals cellular damage and reactivation of latent viral infections (such as cytomegalovirus) 
chronically stimulate innate immune cells resulting in a sustained pro-inflammatory state16. 
Such a pro-inflammatory background can alter the responsiveness to pathogens, leading 
to failure in the consequential immune response16. The declined ability of elderly to react 
properly upon infection, to initiate and maintain an adequate protective immune response 
and to develop immunological memory has been described as immunosenescence17. In this 
context a lower immunological response is to be expected in aging individuals. However, we 
here did not find significant differences in the serum concentrations of the pro-inflammatory 
cytokines IL-6 and IL-8, or the anti-inflammatory cytokines IL-10 and IL-1RA, between young 
and elderly patients with CAP. In accordance, a recently conducted observational study 
showed a similar cytokine response between young and older CAP patients, measured by 
the serum levels of TNF, IL-6 and IL-1018. Disease severity and 90-day mortality were higher in 
older patients in this study, suggesting a relatively attenuated cytokine response in this age 
group18. 
A recent literature review supports the hypothesis of chronic baseline inflammation in elderly 
people and highlights the scarce research into cytokine responses to infection in this specific 
patient group19. Another investigation also showed no differences in circulating IL-6 and 
IL-10 concentrations in CAP patients of different age groups, although the disease severity, 
measured with PSI and CURB score, was significantly higher in elderly patients20. In our study, 
elderly also presented with more severe disease, as reflected by significantly longer hospital 
stay, higher mortality and higher severity of disease markers like Fine class and PSI score, 
but indeed failed to show persistent inflammatory parameters during hospital admission 
matching these observations. Notably, serum cytokine concentrations positively correlated 
with the PSI score only in young patients, whereas such correlations were not found in old 
patients, further suggesting that the systemic cytokine response during CAP does not reflect 
the severity of disease at old age. Alternatively, the PSI score may less accurately reflect 
CAP severity in very old patients. Our results are supported by a study conducted in the 
ICU, reporting no differences in a large set of cytokines and chemokines between older and 
younger patients with septic shock at admission21.
The fact that old patients demonstrated cytokine levels that were similar to those measured 
in young patients in spite of more severe disease suggests that ageing is associated with a 
reduced capacity to produce cytokines upon acute infection. Several studies have provided 
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insight into why older individuals might respond less avidly to infection than young persons. 
Multiple key players of the immune system have been shown to develop age-related defects. 
Dendritic cells, important for innate and adaptive immunity, have an impaired ability to 
produce pro-inflammatory cytokines like IL-6 and IL-12 upon Toll-like receptor engagement in 
ageing individuals22,23, and peripheral blood monocytes from older persons show an impaired 
cytokine response upon in vitro stimulation with lipopolysaccharide24. These findings are in 
line with reports of diminished phagocytizing capacity of dendritic cells25, monocytes10 and 
neutrophils26 from older individuals, suggesting an age-related dysregulation in the function 
of innate immune cells.  
The most notable finding was the overall lower serum CRP levels, both on admission and 
subsequent days, in old patients with CAP. CRP is a typical acute phase protein that is 
mainly produced by the liver upon IL-6 stimulation. In our population, this decreased CRP 
response, however, cannot be pinned to an overall reduction in inflammatory responses 
or more specifically to attenuated IL-6 release. Another mechanisms explaining the lower 
CRP concentrations in elderly patients can be a diminished synthetic function of the liver 
due to physiological ageing becoming apparent in acute inflammatory conditions such as 
CAP. In this respect it should be noted that in the absence of acute disease elderly tend to 
have elevated CRP levels in their circulation27,28, most likely due to increased chronic diseases 
and other age-related processes such as cumulative oxidative damage and a decline in sex 
hormones29. To our knowledge, serum CRP concentrations as a function of age have not 
been reported previously in patients with CAP. In accordance with our data, one earlier 
investigation reported a negative correlation between admission CRP levels and age in 
patients with bacteraemia caused by Escherichia coli or Streptococcus pneumonia 30.
The main limitations of this study are the small sample size and baseline differences between 
groups especially with regard to co-morbidity, including COPD. In addition, the analysis is 
based on clinically documented CAP cases; studies focusing on microbiology confirmed 
cases might yield different results. Moreover, the exact onset of the disease could not be 
measured and differences in clinical presentation between young and elderly patients could 
have resulted in differential time periods between infection and hospital admission. As 
such, our study can be confounded by the possibility that different stages of the immune 
response to CAP were studied in young and old patients. Finally, our investigation does not 
establish whether old patients have longer length of hospital stay and increased mortality as 
a consequence of CAP or as a consequence of exacerbation of chronic pre-existing diseases 
due to CAP. 
In conclusion, our results indicate that elderly patients with CAP show an absolute (serum 
CRP) or relative (serum cytokines) reduction in their systemic inflammatory response on 
admission and during the course of their hospitalization. 
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Summary and general discussion
Sepsis, defined as a life-threatening organ dysfunction caused by a dysregulated host 
response to infection1, remains an increasing cause of morbidity and mortality worldwide2. 
In this thesis, we have explored the epidemiology, outcome and host response in critically ill 
patients admitted with sepsis to, or developing sepsis while on, the intensive care unit (ICU). 
For this, we have used the Molecular Diagnosis and Risk Stratification of Sepsis (MARS) data 
collection initiative and biobank study as backbone. Two tertiary teaching hospitals in the 
Netherlands participated in the inclusion of extensive clinical, microbiological, interventional, 
outcome and follow up data of 8305 consecutively admitted critically ill patients during a 
study period of 3 years. Additionally, biomarkers reflective of the host response in sepsis were 
determined in a subset of this cohort, using both a targeted approach (by measuring soluble 
plasma protein biomarkers reflective of pathways implicated in sepsis pathogenesis) and 
an unbiased approach (by analyzing the whole genome expression profiles in whole blood 
leukocytes). The MARS project aimed to generate rapid and accurate tools providing insight 
in disease severity, host response and causative pathogens in critically ill patients with sepsis, 
initiating and guiding individualized therapy and predicting course of disease, severity and 
outcome. In this thesis, consecutively ICU admitted patients with sepsis, or noninfectious 
disease as a comparator, were analyzed to provide insight into factors contributing to disease 
severity, host response and outcome in the setting of two Dutch ICUs.

Immune suppression and secondary infections in sepsis
The recent understanding that sepsis is associated with activation of both pro- and anti-
inflammatory pathways concomitantly3,4, has resulted in an increased focus on the 
possibility of a net immune suppressive phase during sepsis. This phase is characterized by 
exhaustion, apoptosis and hyporesponsiveness of immune cells, increasing susceptibility 
to the development of nosocomial infections5-7. These alterations are assumed to be sepsis 
specific, and not or to a more limited extent detectable in patients with noninfectious critical 
illness5-7. The subject of immune suppression has become of increasing interest now that the 
majority of sepsis deaths occur more than one week after admission to the ICU8-11. This so 
called ‘late sepsis mortality’ has been ascribed to the development of nosocomial infections 
in immunoparalysed patients. Opposite from the use of anti-inflammatory agents in many 
unsuccessful sepsis trials12,13, immune stimulation has recently been advocated as a novel 
treatment strategy for sepsis, targeting immune suppression5-7. However, immune stimulatory 
therapy could have deleterious effects14 and should ideally only be used in patients who 
might benefit. Overall, knowledge on the host response of ICU-acquired infections is essential 
and the consequential attribution to mortality is important when preventive strategies are 
initiated. Therefore, in Part I of this thesis we focused on immune suppression in critically ill 
sepsis patients and the subsequent development of ICU-acquired infections. If the assumption 
holds true that the immunological features of immune suppression reported in sepsis patients 
increase the susceptibility to secondary infections and are more prominent than in critically 
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ill patients without sepsis, it is expected that ICU-acquired infections occur more often in 
patients admitted with sepsis than in patients admitted with a noninfectious condition. 
Contrary to this hypothesis, ICU-acquired infections complicated sepsis admissions in 13.5%, 
and noninfectious admissions in 15.1% (Chapter 2). Additionally, after the first week, ICU-
acquired infections occurred with a comparable incidence in noninfectious admissions as 
in admissions for sepsis and occurred even more often in noninfectious admissions in the 
first week after ICU admittance. These findings suggest that ICU-acquired infections are not 
merely a feature of sepsis, but are at least equally prevalent in noninfectious admissions. 
In both sepsis and noninfectious admissions the incidence of ICU-acquired infections was 
increased in subgroups of patients with organ failure and shock on admission, suggesting 
the severity of disease and the consequentially increased length of ICU stay with increased 
exposure to invasive supportive treatments as most influencing factors. In accordance, 
SOFA scores were higher in patients who went on to develop an ICU-acquired infection, 
compared to patients not developing ICU-acquired infections. Additionally, a multivariate 
competing risk analysis identified increased disease severity (higher APACHE-IV scores) as 
an independent risk factor for the development of such infections. These findings were 
confirmed in a subgroup analysis including only sepsis patients with a probable or definite 
infection likelihood (Chapter 3), where disease severity and the proportion of shock were 
higher in sepsis patients developing ICU-acquired infections. Importantly, the overall 
contribution of ICU-acquired infections to mortality was modest, and the attributable 
mortality was higher in patients with a noninfectious admission diagnosis than in those 
with a sepsis admission diagnosis, i.e., 21.1% and 10.9% by day 60 respectively. This finding 
was consistent in subgroup analyses that included patients with more severe disease on 
admission (Chapter 2). The relatively low population attributable mortality suggests that 
other factors (e.g., organ failure and shock) contribute more to sepsis mortality. However, 
since our study was not designed to relate sepsis to noninfectious admissions, we refrained 
from directly comparing the two groups because of major differences between them. Still, 
even in the hallmark study identifying immune suppression in sepsis15 important differences 
between sepsis and noninfectious patients were present in terms of length of ICU stay, age 
and preexisting comorbid conditions. Nonetheless, the important conclusion that ICU-
acquired infections are not solely a sepsis related problem should be drawn before pleading 
for immune stimulatory therapy exclusively in critically ill patients with sepsis. Together these 
data suggest that immunoparalysis is not an exclusive feature of sepsis and that severity of 
disease and administration of invasive supportive treatments pose critically ill patients at 
risk for ICU-acquired infections irrespective of their admission diagnosis. Individualized, 
rapid and guided therapy should support future research and treatment in the heterogeneity 
of critical illness. 
We did find characteristics of ICU-acquired infections in sepsis patients suggestive of 
immune suppression. In patients with sepsis, more opportunistic pathogens caused ICU-
acquired infections, and more patients developed more than one ICU-acquired infection 
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during ICU stay, when compared with patients with a noninfectious admission diagnosis. 
Also, in sepsis patients whole blood leukocyte gene expression at the time of an ICU-
acquired infection showed decreased expression of genes involved in leukocyte glucose 
metabolism when compared to the leukocyte transcriptome at ICU admission, suggesting 
immune suppression16 (Chapter 2). This difference was not identified in patients with 
sepsis experiencing noninfectious ICU-acquired complications (acute kidney injury, acute 
respiratory distress syndrome and acute myocardial infarction). This result suggests that 
during ICU admission impairment of glucose metabolism in immune cells may contribute to 
the occurrence of nosocomial infections in patients admitted with sepsis. 
To obtain insight into pathogenetic mechanisms initiated shortly after ICU admission for 
sepsis and subsequently contributing to the development of an ICU-acquired infection, we 
compared the host response in sepsis patients who acquired such an infection with the host 
response in those who did not (Chapter 2, Chapter 3 and Chapter 4). First, on admission, 
an exploratory analysis of gene expression profiles in whole blood leukocytes did not reveal 
differences between those who did and those who did not develop an ICU-acquired infection 
(Chapter 2). This comparable leukocyte genomic response with up-regulation of multiple 
pro- and anti-inflammatory pathways, and down-regulation of adaptive immunity pathways 
in patients with sepsis on ICU admission, suggests the existence of both hyperinflammation 
and immunoparalysis. Analyses of the responsiveness of whole blood leukocytes obtained 
the day after ICU admission to a bacterial stimulus (lipopolysaccharide) did not identify a 
relation with the subsequent development of ICU-acquired infections (Chapter 4). Critically 
ill patients showed a decreased capacity to mount a proper cytokine response compared to 
healthy subjects; however, no differences were found between patients who did and those 
who did not acquire an infectious complication during ICU stay. These findings together 
argue against an already identifiable difference between these two groups on admission to 
the ICU. However, sepsis patients who developed an ICU-acquired infection did demonstrate 
an increase in plasma biomarkers providing insight into sepsis pathogenesis compared 
to those who did not (Chapter 3). The more dysregulated proinflammatory, vascular and 
procoagulant host response on ICU admission remained when corrected for disease severity 
and source of infection, and these differences increased even further in the days thereafter. 
Together, this suggests an increased derailment of the immune response in patients going on 
to develop a nosocomial infection, and that this aberrant reaction is not captured by genomic 
or functional analyses of blood leukocytes done in this thesis. Our host response analyses in 
patients with sepsis demonstrate concurrent immune suppression and hyperinflammation, 
both on ICU admission and upon development of secondary infections. Even though our 
data do not provide insight in the host response in noninfectious critically ill patients, 
literature suggests a comparable phenomenon with sustained and concurrent activation 
of multiple proinflammatory, anti-inflammatory and immune suppressive pathways in 
trauma patients17. We argue that this so called persistent inflammation, immunosuppression 
and catabolism syndrome (PICS)18 is present irrespective of the inciting event, sepsis or 
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noninfectious injury, and renders both sepsis and noninfectious critically ill patients at risk 
for ICU-acquired infections.

Diabetes and glucose levels in sepsis 
The incidence of diabetes is rising19, affecting approximately 347 million people worldwide20. 
The overall risk of mortality is doubled in the diabetic population21 and diabetes is associated 
with increased susceptibility to infection and sepsis22,23. In patients with sepsis, diabetes 
is one of the most common comorbidities, present in 20-35% of cases24-27. The diabetes 
related low-grade chronic inflammation and activation of the vascular endothelium and the 
coagulation system28-30 are of special interest in patients with sepsis, since these also occur 
as part of their dysregulated host response4. Moreover, factors associated with mortality, 
such as glucose levels31-33 and body mass index (BMI)34,35, affect patients with and without 
diabetes differently36-38. Therefore, in Part II of this thesis, we focused on the effect of 
preexisting diabetes (Chapter 5), admission glucose levels (Chapter 6), and a combination 
of the two (Chapter 7) in critically ill patients with sepsis. In Chapter 5 preexisting diabetes 
was shown not to associate with alterations in disease presentation, host response and 
outcome in sepsis patients. Patients with or without diabetes displayed comparable levels 
of plasma protein biomarkers and in line with this, no differences in whole blood leukocyte 
gene expression profiles could be identified. In addition, neither preadmission insulin nor 
metformin affected any of these outcome parameters in sepsis patients with diabetes 
despite the previously established immune modulatory effects of these antidiabetic 
drugs39-44. In Chapter 5 we therefore conclude that regardless of the increased susceptibility 
of diabetes patients to sepsis, once admitted to the ICU the host response and outcome are 
not influenced by the low-grade chronic inflammation of preexisting diabetes. In Chapter 6 
the association of admission hyperglycemia with host response and outcome was assessed. 
In acute critical illness, a graded stress response aiming to restore homeostasis45 may result 
in hyperglycemia via an interplay of catecholamines, cortisol and cytokines leading to 
excessive hepatic glucose production, insulin resistance and glucose tolerance46. In its mild 
form, hyperglycemia is suggested to be protective via facilitating glucose uptake45; however, 
severe hyperglycemia is associated with increased susceptibility to sepsis, altered tissue 
metabolism and organ failure47. Indeed, we here showed that in sepsis patients specifically, 
severe hyperglycemia on ICU admission was associated with adverse outcome, i.e., increased 
mortality by day 30. Since diabetes is one of the most common comorbidities in patients 
with sepsis25 and strongly influences glucose levels, hyperglycemia was analyzed in both 
patients with and without preexisting diabetes. Both groups displayed the association of 
hyperglycemia with mortality. Unlike previous studies36,48, we did not find a protective effect 
of diabetes on hyperglycemia associated mortality. Interestingly, we could not confirm the 
hypothesized deterioration of the host response related to hyperglycemia. On the contrary, 
hyperglycemic patients without preexisting diabetes showed diminished alterations in 
plasma host response biomarker levels indicative of activation of the cytokine network, 
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the vascular endothelium and the coagulation system. We therefore conclude in Chapter 
6 that hyperglycemia was associated with mortality by a mechanism other than a further 
derailment of the host response to infection.
To further investigate if diabetes influences the association of glucose with disease 
presentation and outcome in patients with sepsis, the Dutch National Intensive Care 
Evaluation registration was consulted, in which 92% of all Dutch ICUs participate (Chapter 7). 
In this extensive cohort, including approximately 130,000 sepsis patients, we confirmed that 
preexisting diabetes was not associated with increased mortality 90 days after ICU admission. 
Subsequent analysis included the effect of diabetes on mortality in different categories of 
lowest (ranging from severe, to mild, to no hypoglycemia) and highest (ranging from no, to 
mild, to severe hyperglycemia) glucose levels within the first 24 hours after admission to 
the ICU. In this comprehensive analysis, the presence of diabetes was never additionally 
associated with increased risk for adverse outcome compared to the absence of diabetes. 
Nevertheless, alterations in glucose levels within the first 24 hours after ICU admission were 
indeed associated with mortality, especially in patients without diabetes. In patients with 
diabetes, only severe hypoglycemia in the absence of hyperglycemia influenced mortality 
risk, whereas in patients without preexisting diabetes, multiple combinations of abnormal 
glucose levels affected outcome. These data suggest that patients with diabetes may tolerate 
wider glucose ranges than non-diabetes patients, a finding confirmed in glucose control 
studies, where wide ranges of glucose were more harmful in patients without diabetes 
compared to those with diabetes49. In accordance, the level of diabetes control prior to ICU 
admission has been shown of influence. Patients with poor diabetes control tolerate wider 
glucose ranges, and are especially less harmed by the negative effect of hyperglycemia49. 
From Part II of this thesis, we conclude that preexisting diabetes does not alter sepsis 
related disease presentation, host response or outcome. Dysregulated glucose levels on ICU 
admission show an association with sepsis related mortality, dependent on diabetes status. 
The deleterious effect of hyperglycemia unlikely is the result of a more dysbalanced host 
reaction to infection. 

Other preexisting and acquired factors influencing sepsis
Patients with sepsis display a disturbance of the coagulation system among others50. 
In sepsis, both bacterial toxins and pro-inflammatory responses result in coagulation 
activation, primarily aimed to trap and kill the invading pathogen, contributing to recovery. 
Due to accompanying compromised anticoagulant mechanisms, patients with sepsis may 
present with on the one hand excessive hemorrhage and on the other hand macrovascular 
thrombi formation50, a syndrome known as disseminated intravascular coagulation. The 
consequential excessive bleeding combined with hypoperfusion renders patients with sepsis 
at increased risk for organ dysfunction, aggravated even further by loss of endothelial lining 
and vasodilatation leading to hypotension. Platelets are part of the clotting system and 
have recently been shown to play a crucial role in the host response to infection, especially 
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in preclinical investigations51. In Chapter 8 we meticulously studied the association of 
thrombocytopenia with presentation, outcome and host response in critically ill sepsis 
patients. We found that, irrespective of disease severity, thrombocytopenia was associated 
with a more disturbed host response and that patients admitted with platelet counts below 
100x109/L had an increased risk for sepsis related mortality. These findings may be explained 
by several mechanisms. First, even though activated platelets may amplify inflammation in 
the early stage of infection, they have the capacity to attenuate cytokine release in more 
advanced sepsis, which could explain the enhanced cytokine response in thrombocytopenic 
patients. Also, platelets secrete soluble factors that enhance epithelial barrier function and 
have the capacity to physically block the vascular lining, which could be involved in enhanced 
endothelial cell activation and the more disturbed endothelial barrier function in sepsis 
patients with thrombocytopenia. Interestingly, whole blood leukocyte gene expression 
suggested an impairment in leukocyte adhesion, extravasation and diapedesis in patients 
with platelet counts below 50 x109/L, indicating a disturbance in recruitment of effector cells 
to the site of interest. We therefore conclude from Chapter 8 that thrombocytopenia in 
critically ill sepsis patients independently contributes to a more disturbed host response and 
increased mortality.
In Chapter 9 we focused on the association of gender with disease severity, host response 
and outcome. Even though previous evidence suggests increased susceptibly of males 
towards the development of infections24,25,52-55, literature on the association of gender with 
sepsis related mortality is not consistent. We indeed found that ICU admitted sepsis patients 
were more frequently males, which may in part reflect increased vulnerability. However, no 
differences were found in disease presentation, complications or outcome between male and 
female sepsis patients. In line with this, the host response was comparable between males 
and female, with the exception of endothelial cell activation, which was more pronounced in 
women; this result was absent in patients >55 years of age, indicating hormonal influences. 
In gene expression analyses of blood leukocytes harvested < 24 hours after ICU admission, 
male patients displayed increased expression of genes involved in cell activity, translation 
and transcription. We therefore conclude that, even though sepsis patients admitted to the 
ICU were more frequently males, disease presentation, host response and outcome were 
comparable to females. 

Pneumonia in patients with sepsis
In the final part of this thesis, we focused on pneumonia (Part IV). Pneumonia is the third 
most common cause of death globally56 and the most common source of infection in 
patients admitted with sepsis4,57. Patients presenting with pneumonia contracted in the 
community display different clinical and microbiological features compared to patients 
admitted with pneumonia developed in a health care setting. Already hospitalized patients 
are suggested to be more susceptible to infections causes by nosocomial pathogens and 
we therefore hypothesized that these patients display a more immune suppressed state 
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(Chapter 10). However, contrarily to our hypothesis, patients with community- and hospital- 
acquired pneumonia were largely similar in terms of clinical presentation, outcome and host 
response. Gene expression profiling of blood leukocytes showed an under expression of type-I 
interferon signaling in patients admitted with hospital-acquired pneumonia when compared 
with those with community-acquired pneumonia. However, this finding was not reproduced 
when patients were matched for potential confounders related to comorbid conditions 
(especially chronic obstructive pulmonary disease) and microbiology. Patients with hospital-
acquired pneumonia overexpressed genes related to cell-cell junction remodeling and cell 
mobility pathways. This finding was in line with the lower plasma protein levels of matrix 
metalloproteinase-8 and soluble E-selectin, both indicative of an increased capacity for 
leukocyte-endothelium adhesion and diapedesis. From this chapter we conclude that, 
contrary to what we expected, patients with pneumonia contracted in the community were 
comparable to patients with hospital-acquired pneumonia in terms of disease severity, 
outcome and host response, with the exception of the differences listed above.
Advancing age enhances the susceptibility to infections58 and the incidence of community-
acquired pneumonia increases strongly with increasing age59. This is, in part, explained by 
the presence of comorbid conditions. However, changes in the immune response towards 
a sustained low-grade inflammation, also known as inflamm-aging60,61, may also play a role. 
In Chapter 11 we determined the differences in inflammatory responses between young 
and old individuals during the first days after admission to the hospital for community-
acquired pneumonia. We found comparable levels of pro- and anti-inflammatory cytokines 
in older individuals, in spite of more severe disease. We therefore concluded that older age 
is associated with a reduced capacity to mount a proper immune response, possibly caused 
by age-related defects in the immune system. Additionally, we found decreased levels of 
protein C-reactive protein in older individuals, which may be related to physiological ageing 
of, amongst others, the liver resulting in a diminished synthetic function and decreased 
production of this acute phase protein. We concluded that elderly patients with community-
acquired pneumonia were admitted with more severe disease showing an absolute 
(C-reactive protein) and relative (cytokines) reduction in their immune response.

Overall conclusions
In patients with sepsis, multiple risk factors for unfavorable outcome have been suggested, 
such as age, gender, premorbid conditions, acute disease conditions58 and the increased 
susceptibility to nosocomial infections5-7. In this thesis, we studied the relationship of these 
host factors with disease severity, host response and outcome. We found that gender and 
premorbid diabetes were not associated with alterations in the host response, disease 
severity or outcome in critically ill sepsis patients. However, factors that were of influence 
included advanced age, dysregulated glucose levels and thrombocytopenia. In addition to 
this, ICU-acquired infections did not occur more often in patient admitted with sepsis and 
bear an overall low attributable mortality. The studies described in this thesis are unique 
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in that they integrated detailed clinical and microbiological data with comprehensive host 
response measurements in one of the largest sepsis cohorts in the world. The MARS cohort 
undoubtedly will be of great value for future studies seeking to increase the knowledge 
of sepsis pathogenesis and to discover new biomarkers that can stratify sepsis patients 
according to predominant pathogenetic derailments thereby potentially guiding targeted 
therapies. 
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Nederlandse samenvatting
Sepsis is een levensbedreigende aandoening waarbij de ontstekingsreactie van de gastheer 
schade aan het eigen lichaam veroorzaakt. De op hol geslagen afweer tegen binnendringende 
pathogenen schiet zijn doel voorbij en tast weefsels en organen van de patiënt aan, waardoor 
de longen, nieren, lever, hersenen en het hart dreigen uit te vallen. Bloedvaten worden 
permeabel, gaan lekken en patiënten ontwikkelen stolsels en bloedingen. Sepsis is een 
belangrijke oorzaak van morbiditeit en wereldwijd een van de belangrijkste oorzaken van 
overlijden. In dit proefschrift hebben we de epidemiologie, de uitkomst en de afweerreactie 
onderzocht bij ernstig zieke patiënten opgenomen met sepsis op de intensive care (IC). Om 
dit te kunnen doen hebben we gebruik gemaakt van de ‘Moleculaire Diagnose en Risico 
Stratificatie van Sepsis’ (MARS) studie. Deze studie vond plaats in twee ICs in Nederlandse 
academische centra (Academisch Medisch Centrum Amsterdam en Universitair Medisch 
Centrum Utrecht). Gedurende 3 jaar vond van 8305 achtereenvolgens opgenomen patiënten 
op de IC uitgebreide dataverzameling plaats. In een groep van deze patiënten werden zowel 
eiwit biomarkers als genoom expressie profielen in witte bloed cellen in het bloed bepaald 
teneinde inzicht te verkrijgen in de gastheer reactie tijdens sepsis. Het doel van het MARS 
project is het ontwikkelen van instrumenten die snelle en accurate informatie verschaffen 
over de ernst van ziekte, de fase van de immuunreactie en de veroorzakende pathogenen, om 
vervolgens individuele en gerichte therapie te kunnen verschaffen aan patiënten met sepsis. 
In dit proefschrift worden enkele factoren onderzocht die van invloed zijn op de ontwikkeling 
van sepsis en de daarop volgende gastheer reactie, de ernst van ziekte en de uitkomst. 

Onderdrukking van het immuunsysteem en secundaire infecties in patiënten met sepsis
In patiënten met sepsis vindt een extreme ontstekingsreactie plaats op een binnentredend 
pathogeen, de pro-inflammatoire fase. De gelijktijdig optredende onderdrukking van het 
immuunsysteem, de anti-inflammatoire fase, zorgt voor het in toom houden van deze 
excessieve ontstekingsreactie, teneinde schade aan het eigen lichaam te voorkomen. 
Echter, gedurende de sepsis response zijn deze reacties uit evenwicht, en kan deze disbalans 
doorslaan naar een onderdrukking van het immuunsysteem met uitputting, apoptose en 
hyporesponsiviteit van immuun cellen tot gevolg. In deze netto immuun suppressieve fase 
zijn sepsis patiënten verhoogd gevoelig voor de ontwikkeling van secundaire infecties. De 
meerderheid van de sepsis sterfgevallen vindt plaatst na de eerste week en wordt geweten aan 
de ontwikkeling van deze nosocomiale infecties in immuun suppressieve sepsis patiënten. 
Deze immuun suppressieve fase wordt verondersteld sepsis specifiek te zijn, en niet, of in een 
minderde mate, aanwezig te zijn bij patiënten met een niet-infectieuze kritieke ziekte. Sinds 
kort wordt daarom gepleit voor immuun stimulerende middelen in de behandeling van 
sepsis. Echter, omdat deze middelen schadelijke effecten kunnen hebben, zouden ze alleen 
gebruikt moeten worden bij patiënten die ervan kunnen profiteren. Hiervoor is informatie 
over de individuele gastheer response van essentieel belang gecombineerd met kennis over 
de bijdragende mortaliteit van IC-verworven infecties. In Deel I van dit proefschrift richtten 
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we ons daarom op de immuun paralyse bij kritiek zieke patiënten op de IC. Als de aanname 
correct is dat immuun suppressie in sepsis patiënten leidt tot verhoogde gevoeligheid voor 
nosocomiale infecties, en dat immuun suppressie veel sterker is bij sepsis patiënten dan 
bij patiënten met niet-infectieuze ziekten, dan zouden IC-verworven infecties vaker moeten 
voorkomen bij eerst genoemde patiënten. In tegenstelling tot deze hypothese, vonden we 
in Hoofdstuk 2 van dit proefschrift een vergelijkbaar voorkomen van IC-verworven infecties 
in beide groepen, met zelfs een verhoogde incidentie in de eerste week na IC opname in 
patiënten met een niet-infectieuze opname diagnose. Deze bevinding suggereert dat IC-
verworven infecties een minstens even groot probleem zijn in patiënten opgenomen op de 
IC met sepsis of met een niet-infectieuze kritieke ziekte.  
In zowel sepsis als niet-infectieuze kritiek zieke patiënten bleken IC-verworven infecties 
gerelateerd aan toenemende mate van ziekte ernst (Hoofdstuk 2 en 3). Ziekere patiënten 
worden meer blootgesteld aan invasieve ondersteuning en hebben een langere ligduur 
op te IC, leidend tot een toegenomen risico op de ontwikkeling van IC-verworven infecties 
(Hoofdstuk 2 en 3). Daarbij werd gevonden dat de bijdrage van IC-verworven infecties aan 
de mortaliteit bescheiden was en bovendien hoger in patiënten met een niet-infectieuze 
opname diagnose. Deze relatief lage bijdrage van IC-verworven infecties aan de mortaliteit 
suggereert dat andere factoren, zoals orgaan falen en shock, van groter belang zijn bij sterfte 
van kritiek zieke patiënten dan IC-verworven infecties. 
Hoewel de incidentie van IC-verworven infecties na de eerste week vergelijkbaar was 
tussen sepsis patiënten en niet-infectieuze opnames, werden er bij patiënten met 
sepsis wel aanwijzingen gevonden voor immuun paralyse. Bij deze patiënten werden IC-
verworven infecties vaker veroorzaakt door opportunistische pathogenen en deze patiënten 
ontwikkelden vaker meerdere IC-verworven infecties gedurende IC opname. Daarnaast 
werd in genexpressie profielen in bloed leukocyten ten tijden van de IC-verworven infecties 
een verminderd glucosemetabolisme gevonden, suggestief voor immuun suppressie 
(Hoofdstuk 2). Dit werd niet gevonden bij sepsis patiënten die een niet-infectieuze IC-
verworven complicatie doormaakten, zoals acuut nier falen of acuut long falen. 
Bij IC opname werden geen verschillen gevonden in gen expressie profielen tussen patiënten 
die wel of geen IC-verworven infectie zouden gaan ontwikkelen (Hoofdstuk 2). De vergelijkbare 
genomische respons in witte bloedcellen suggereerde een stadium van gelijktijdige 
hyperinflammatie met immunoparalyse, zoals blijkend uit verhoogde expressie van pro- en 
anti-inflammatoire reacties gecombineerd met verminderde expressie van genen betrokken 
bij de verworven immuniteit. Bij onderzoek van de reactiviteit van witte bloedcel van kritiek 
zieke patiënten op een bacterieel product (lipopolysaccharide) vonden we evenmin een 
verband met de latere ontwikkeling van IC-verworven infecties (Hoofdstuk 4). Kritiek zieke 
patiënten toonden een verminderde capaciteit om een   goede cytokine respons te initiëren in 
vergelijking met gezonde proefpersonen; er werden echter geen verschillen gevonden tussen 
patiënten die wel en degenen die geen IC-verworven infectie ontwikkelden. Sepsis patiënten 
die een IC-verworven infectie ontwikkelden toonden daarentegen wel een stijging van de 



CHAPTER 13

352

plasma eiwit biomarkers die inzicht geven in activatie en deregulatie van afweerreacties in 
vergelijking met degenen die dat niet deden (Hoofdstuk 3). Deze meer ontregelde immuun 
response bleef intact na correctie voor ernst van ziekte, en nam zelfs toe in de dagen na IC 
opname. Hoewel onze analyses geen inzicht geven in de gastheerresponse in niet-infectieuze 
kritiek zieke patiënten, wordt in de literatuur bij deze patiënten een gelijktijdige activering 
van zowel pro- als anti-inflammatoire en immunosuppressieve processen beschreven. 
Uit Deel I van dit proefschrift concluderen wij dat deze persisterende hyperinflammatie 
gecombineerd met immuun suppressie aanwezig is bij kritiek ziekte patiënten ongeacht de 
opname diagnose en dat dit geassocieerd is met verhoogde vatbaarheid voor IC-verworven 
infecties.

Diabetes en glucose in sepsis
De incidentie van diabetes neemt toe en het risico op overlijden is verdubbeld in de populatie 
met diabetes. Patiënten met diabetes hebben verhoogde vatbaarheid voor het ontwikkelen 
van sepsis, en diabetes is een van de meest voorkomende comorbiditeiten in patiënten 
opgenomen met sepsis, aanwezig in 20-35% van de gevallen. Diabetes gaat gepaard met 
een laaggradige chronische ontsteking, en activatie van het endotheel en stollingssysteem, 
processen die ook aanwezig zijn bij patiënten met sepsis. Daarnaast hebben factoren 
geassocieerd met mortaliteit, zoals glucose en body mass index, een andere invloed op 
patiënten met en patiënten zonder diabetes. In Deel II van dit proefschrift richtten we ons 
daarom op het effect van diabetes (Hoofdstuk 5), opname glucose spiegels (Hoofdstuk 
6) en een combinatie daarvan (Hoofdstuk 7) in patiënten met sepsis. In Hoofdstuk 5 
concluderen we dat diabetes niet geassocieerd is met een veranderde ziekte presentatie, 
immuun reactie of uitkomst in patiënten met sepsis. Er werden vergelijkbare concentraties 
van afweer biomarkers in het plasma gevonden en ook lieten gen expressie profielen van 
witte bloedcellen geen verschillen zien tussen sepsis patiënten met of zonder diabetes. 
Daarnaast werd er geen effect gevonden van het gebruik van insuline dan wel metformine 
(twee veel gebruikte antidiabetica) voorafgaand aan IC opname op de onderzochte uitkomst 
maten. In Hoofdstuk 5 concluderen we daarom dat ondanks de verhoogde vatbaarheid van 
diabetes patiënten voor sepsis, eenmaal opgenomen op de IC diabetes niet geassocieerd 
is met een veranderde immuun response dan wel verslechterde uitkomst. In Hoofdstuk 
6 werd het effect van verhoogde glucose spiegels, genaamd hyperglykemie, onderzocht 
in relatie tot de immuun response en uitkomst in sepsis. Milde hyperglykemie wordt 
gesuggereerd beschermend te zijn bij acute ziekten door de glucose opname in cellen te 
bevorderen; ernstige hyperglykemie is echter geassocieerd met verhoogde vatbaarheid 
voor sepsis, veranderd metabolisme en orgaan falen. Overeenkomstig hiermee wordt in 
Hoofdstuk 6 geconcludeerd dat ernstige hyperglykemie geassocieerd is met verslechterde 
uitkomst (hogere mortaliteit op dag 30 na IC opname) in zowel patiënten met diabetes als 
patiënten zonder diabetes. In tegenstelling tot eerdere studies, werd geen beschermend 
effect van diabetes gevonden op de negatieve gevolgen van hyperglykemie. In tegenstelling 
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tot onze primaire hypothese werden er geen aanwijzingen gevonden voor de veronderstelde 
toegenomen deregulatie van de immuun response in patiënten met hyperglykemie. 
Integendeel, hyperglykemie patiënten zonder diabetes toonden verminderde veranderingen 
in de activering van het cytokine netwerk, het vasculaire endotheel en het stollingssysteem 
vergeleken met patiënten met normale glucose spiegels. We concluderen dan ook in 
Hoofdstuk 6 dat hyperglykemie geassocieerd is met sterfte door een ander mechanisme 
dan een veranderde gastheer reactie tijdens sepsis.  
In Hoofdstuk 7 werd met behulp van de Nederlandse Nationale Intensive Care Evaluatie 
(NICE) registratie verder onderzocht of diabetes invloed heeft op de associatie van glucose 
met ziekte presentatie en uitkomst in patiënten opgenomen met sepsis. In dit cohort van rond 
de 130.000 sepsis patiënten, bevestigden we dat diabetes niet was geassocieerd met een 
verhoogd risico op sterfte gedurende de eerste 90 dagen na IC opname. In een vervolg analyse, 
waarin het effect van diabetes op mortaliteit in verschillende glucose spiegel categorieën 
werd onderzocht, bleek de aanwezigheid van diabetes geen additioneel nadelig effect op 
uitkomst te hebben. Afwijkende glucose spiegels in de eerste 24 uur na IC opname waren 
daarentegen wel geassocieerd met verminderde overleving in zowel patiënten met diabetes 
als patiënten zonder diabetes. In patiënten met diabetes was een ernstige daling van glucose 
spiegels, hypoglykemie, in de afwezigheid van hyperglykemie geassocieerd met sterfte. Bij 
patiënten zonder diabetes waren meerdere combinaties van afwijkende hyperglykemie en 
hypoglykemie geassocieerd met mortaliteit. Uit deze resultaten kan worden geconcludeerd 
dat patiënten met diabetes geen verhoogd risico hebben op mortaliteit en dat ontregelde 
glucose spiegels bij IC opname leiden tot verslechterde uitkomst afhankelijk van diabetes 
status. Patiënten met diabetes tolereren grotere glucose spiegel afwijkingen beter dan 
patiënten zonder diabetes.

Andere reeds aanwezige en verworden factoren van invloed op sepsis
Patiënten met sepsis vertonen een ontregeling van het stollingssysteem. Stollingsactivatie 
is een gevolg van bacteriële toxines en pro-inflammatoire reacties, primair gericht op 
het vangen en doden van binnendringende ziekteverwekkers. Tijdens sepsis leidt het 
bijkomende verbruik van stollingsfactoren tot zowel ernstige bloedingen als stolsels in 
kleine bloedvaten. Bloedplaatjes zijn onderdeel van het stollingssysteem en onlangs is 
aangetoond dat bloedplaatjes een cruciale rol spelen in de gastheer respons op een infectie. 
In Hoofdstuk 8 hebben we bestudeerd of het hebben van lage aantallen bloedplaatjes, 
genaamd trombocytopenie, geassocieerd is met een slechtere uitkomst in sepsis patiënten. 
We vonden dat patiënten met trombocytopenie een meer verstoorde immuun response 
hebben en dat trombocytopenie leidt tot een verhoogde associatie met mortaliteit.
In Hoofdstuk 9 onderzochten we of er een verschil is tussen mannen en vrouwen met 
betrekking tot ernst van ziekte, de immuun response en de uitkomst van sepsis. Het is 
bekend dat mannen vatbaarder zijn voor het ontwikkelen van sepsis, maar of dit ook leidt 
tot verhoogde mortaliteit in deze groep is niet duidelijk. Wij vonden inderdaad dat patiënten 
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opgenomen op de IC met sepsis vaker mannen zijn; echter er waren geen geslachtsverschillen 
ten aanzien van ernst van ziekte of mortaliteit. Daarbij was ook de immuun response 
vergelijkbaar tussen mannelijke en vrouwelijke patiënten met sepsis, met uitzondering van 
een verhoogde activatie van het endotheel bij vrouwen. Dit resultaat was echter afwezig 
bij patiënten opgenomen met een leeftijd van ouder dan 55 jaar, wijzend op hormonale 
invloeden. 

Pneumonie bij patiënten met sepsis
Pneumonie, ook wel longontsteking genoemd, is een belangrijke doodsoorzaak in de 
wereld en tevens de meest voorkomende bron waaruit sepsis ontstaat. Patiënten die 
een longontsteking oplopen in de gemeenschap verschillen klinisch en microbiologisch 
van patiënten die een longontsteking in het ziekenhuis oplopen. Ziekenhuispatiënten 
worden verondersteld gevoeliger te zijn voor opportunistische pathogenen vanwege een 
onderdrukt immuun systeem. In Hoofdstuk 10 werd de immuun response tussen patiënten 
met een longontsteking opgelopen in de gemeenschap vergeleken met patiënten die een 
longontsteking opliepen in het ziekenhuis. In tegenstelling tot wat werd verwacht, bleken deze 
groepen patiënten grotendeels vergelijkbaar in termen van klinische presentatie, immuun 
response en mortaliteit. Genexpressie profielen van ziekenhuispatiënten vertoonden een 
onderdrukking van interferon signalering, een bevinding die echter verdween na correctie van 
potentiële beïnvloedende factoren zoals comorbiditeiten en verwekkers. Daarnaast toonden 
bloed leukocyten van patiënten met ziekenhuis verworven pneumonie, in vergelijking 
met witte bloedcellen van patiënten met pneumonie verworven in de gemeenschap, 
een overexpressie van genen betrokken bij de hechting en de beweeglijkheid van cellen. 
Dit was overeenkomstig met het feit dat deze patiënten lagere plasma concentraties 
hadden van matrix metalloproteinase-8 en vrij E-selectine, indicatief voor een verhoogde 
bindingscapaciteit van leukocyten aan het endotheel.
Een hogere leeftijd is sterk geassocieerd met een verhoogde gevoeligheid voor infecties. 
De incidentie van in de gemeenschap opgelopen pneumonie neemt dan ook sterk 
toe met toenemende leeftijd. Dit kan ten dele worden verklaard door de toegenomen 
aanwezigheid van comorbiditeiten; echter een verandering van het immuunsysteem richting 
een laaggradige inflammatie speelt waarschijnlijk ook een rol. In Hoofdstuk 11 werd het 
verschil in immuun response tussen jonge en oudere patiënten met pneumonie onderzocht. 
Ondanks toegenomen ernst van ziekte in oudere patiënten was er een vergelijkbare immuun 
response, gemeten als concentraties van cytokinen in het plasma. Hieruit kon worden 
geconcludeerd dat een hogere leeftijd geassocieerd is met een verminderde capaciteit van  
het immuun systeem om een goede immuun response te genereren. Daarnaast werd een 
verlaagd niveau van het acute fase eiwit genaamd C-reactief eiwit gevonden. Veroudering 
was derhalve geassocieerd met een absolute (C-reactief eiwit) en een relatieve (cytokines) 
verminderde capaciteit van het immuunsysteem.
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Algemene conclusies 
In ernstig zieke patiënten met sepsis zijn meerdere risicofactoren geassocieerd met een 
slechtere uitkomst en een verandering in de immuun response. In dit proefschrift bleken 
geslacht en diabetes niet geassocieerd met veranderingen ten aanzien van immuun reactie, 
ernst van ziekte en uitkomst in kritiek zieke patiënten met sepsis. Factoren die wel van 
invloed waren op de immuun reactie, de mate van ziekte en de overleving in patiënten 
met sepsis waren gevorderde leeftijd, ontregelde glucose spiegels en trombocytopenie. IC-
verworven infecties kwamen niet vaker voor bij patiënten met sepsis dan bij patiënten met 
niet-infectieuze opname redenen en de bijdragende mortaliteit van IC-verworven infecties 
bleek laag. De studies die in dit proefschrift beschreven staan zijn uniek door de integratie 
van gedetailleerde klinische en microbiologische gegevens met uitgebreide metingen 
van de afweerreactie in een van de grootste sepsis cohorten ter wereld. Het MARS cohort 
zal ongetwijfeld van grote waarde zijn voor toekomstige studies die tot doel hebben het 
inzicht in de pathogenese van sepsis te vergroten en nieuwe biomarkers te ontdekken die 
sepsis patiënten kunnen onderverdelen in subgroepen gebaseerd op verschillende typen 
afweerreactie, hetgeen kan bijdragen aan het ontwikkelen en toepassen van gerichte 
therapieën. 
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project. Professor doctor Marcus Schultz en doctor Janneke Horn, op jullie heb ik altijd 
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voor de leuke momenten samen. Jos, Joris en Lauren, gekke slymies, wat heb ik het gezellig 
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Mijn beide paranimfen Maryse en Milon wil ik bedanken voor hun steun tijdens deze voor 
mij bijzondere dag en in alle jaren ervoor. Lieve Maryse, jij hebt dit proefschrift tot stand zien 
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Ook al mijn dierbare vrienden en vriendinnen die mij tijdens dit traject hebben aangemoedigd 
en bijgestaan wil ik bedanken. Lieve Ster, Kris en Gem, bedankt voor de ontelbare fijne 
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beleven! Lieve Gonneke, jij bent mijn inspiratie geweest om te gaan promoveren. Bedankt voor 
de introductie in de wetenschap en jouw fijne vriendschap. Lieve Mies, wat ben jij er voor me 
geweest, veel dank lieve vriendin. Ook mijn lieve clubgenootjes en dispuutsgenootjes wil ik 
bedanken voor hun vriendschap gedurende de afgelopen jaren, ik heb van jullie genoten!

Er zijn nog diverse andere belangrijke mensen in mijn leven die ik wil  noemen. Willemijn, 
die ik natuurlijk dankbaar ben voor het ontwerp van de prachtige kaft van dit proefschrift, en 
wiens optimisme en enthousiasme voor mij een voorbeeld zijn. Bas en Hanneke, die mij al 
vanaf mijn allereerste jaren een vertrouwde basis bieden waar wij altijd zo welkom zijn. Met 
jullie humor en goede zorgen maken jullie deel uit van onze familie. En daarmee ben ik bij 
degenen die in mijn leven het dichtst bij mij staan.

Lieve broer, lieve Jasper, mijn grote voorbeeld. Alles wat jij deed, wilde ik ook. Naar het 
buitenland, naar Groningen om te studeren en zo ook promoveren, jij gaat mij in alles 
voor. Veel dank dat je de weg vrij maakt voor je kleine zusje. Dit jaar vieren we beiden onze 
academische promotie. Wat ben ik trots! 

In het bijzonder gaat mijn dank uit naar mijn ouders. Lieve Mamsie, lief Oor, jullie hebben mij 
altijd aangemoedigd om datgene te doen wat ik leuk vind. Jullie onvoorwaardelijke steun, 
liefde en vertrouwen hebben mij gemaakt tot wie ik nu ben. Met, en dankzij, jullie heb ik de 
wereld mogen ontdekken. Jullie hebben mij gestimuleerd om hoog in te zetten en het beste 
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 ik op aan jullie. Ik ben zo trots dat jullie mijn ouders zijn.
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Lieve Tedde, ons kleine vrolijke kaboutertje. De liefde die ik voor jou voel is onbeschrijfelijk. 
Wat ben ik dankbaar voor de vreugde die jij ons brengt.

Lieve Merten, ontspanning en vertrouwen, dat is ons devies, daarop bouwen wij verder. 
Dankbaar ben ik voor de rust die jij mij geeft, bij jou is alles goed. Jij maakt mij tot een leuker 
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