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Chapter 1 11

General introduction and outline of this thesis

GENERAL INTRODUCTION

Acute Respiratory Distress Syndrome
The Acute Respiratory Distress Syndrome (ARDS) is a syndrome characterized by 
alveolar-capillary membrane injury following a clinical risk factor as sepsis or trauma.
[1] Alveolar-capillary membrane injury results in increased pulmonary vascular per-
meability, pulmonary oedema, surfactant dysfunction, and decreased lung aeration. 
Alveolar-capillary membrane injury and subsequent pulmonary oedema are not 
routinely measured in clinical practice. Therefore, the Berlin definition of ARDS uses 
clinical surrogates for pulmonary oedema: bilateral opacities on chest x-ray and arterial 
hypoxemia (partial pressure of arterial oxygen/fraction of inspired oxygen, PaO2/FiO2 
ratio <300mmHg).[2] In ARDS, cardiac failure or fluid overload should not be the sole 
reason for pulmonary oedema.

ARDS is a major problem in the intensive care unit (ICU). Approximately 10% of ICU 
patients fulfil the Berlin criteria of ARDS and an average in-hospital mortality rate of 
40% has been reported.[3] Since the first description of ARDS in 1967, the cornerstones 
of ARDS treatment have remained unchanged: treatment of the underlying cause and 
supportive therapy consisting of invasive mechanical ventilation.[4] Especially the 
implementation of protective mechanical ventilation with low tidal volumes and a pla-
teau airway pressure limited to 30 cmH2O improved patient survival significantly, and is 
considered standard of care since 2000.[5]

Subsequently, multiple randomized controlled trials investigated the effectiveness 
of other supportive therapies in patients with ARDS. Only a minority of interventions 
further improved clinical outcomes, including prone positioning, conservative fluid 
management, and neuromuscular blockade.[6-8] In contrast, multiple randomized con-
trolled trials on positive end-expiratory pressure (PEEP) titration or recruitment, and 
multiple clinical trials testing pharmacological compounds did not improve survival in 
patients with ARDS.[9-13]

Some treatments are actually ineffective in patients with ARDS, and other treatments 
– including protective mechanical ventilation – are effective in most patients with 
ARDS. However, some treatments might have been effective in a subgroup of patients 
with ARDS and harmful or ineffective in another subgroup, resulting in no significant 
treatment effect in the entire study population. This is known as the heterogeneity of 
treatment effect.[14] Heterogeneity is a major problem in studies that include patients 
with ARDS, as the ARDS definition itself contributes to significant heterogeneity.
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Heterogeneity in Acute Respiratory Distress Syndrome
The Berlin definition and its predecessor (the American European Consensus Confer-
ence definition, AECC) identified ARDS in a broad range of patients with hypoxemia.[2, 
15] These definitions allowed efficient patient recruitment in clinical trials. However, as 
the cause of ARDS is often not specified and patients with varying disease severity could 
all be included, there is significant heterogeneity among patients with ARDS. ARDS 
heterogeneity is evident upon histological examination, as only 43-69% of patients 
meeting the clinical criteria of ARDS have ‘true ARDS’: diffuse alveolar damage.[16-21] 
Vice versa, some patients with histological evidence of diffuse alveolar damage do not 
meet the clinical criteria of ARDS.[18] Thus, a substantial subgroup in patients with 
ARDS represent a different histopathological substrate. These patients with ARDS are 
likely to respond differently to a similar treatment, i.e. heterogeneity of treatment effect.

Researchers have explored strategies to reduce the amount of heterogeneity and turn 
the heterogeneous ARDS syndrome into more homogeneous subgroups. The identifi-
cation of patients that are more likely to respond to a certain treatment is known as 
predictive enrichment.[22] Enrichment strategies have the potential to improve signal-
to-noise ratio and reduce sample size, as benefit or harm of treatment is likely to be 
concentrated in a subgroup of patients.[23] Treatment of ARDS can be personalised 
based on clinically, biologically, and physiologically derived phenotypes.[24]

Clinically derived phenotypes in ARDS
Clinical phenotypes can be used to personalise treatment of patients with ARDS. Clinical 
phenotypes in ARDS can be based on similar risk factor for ARDS – including pulmonary 
or extra-pulmonary ARDS –, time course of ARDS, or radiological presentation (i.e. mor-
phological ARDS).[25-27]

A large number of risk factors for ARDS have been described, including pneumonia, sep-
sis, aspiration pneumonia, trauma, or blood transfusion.[3] The underlying risk factor or 
trigger for ARDS influences disease severity, prognosis, and response to treatment.[26, 
28] For example, aspiration pneumonia or trauma cause a short-termed trigger, whereas 
sepsis causes sustained exposure to the trigger for ARDS. Consequently, patients with 
trauma-related ARDS had less endothelial and epithelial injury as compared to patients 
with other risk factors for ARDS, and had a better prognosis.[29] The risk factor for ARDS 
also influences ARDS time course, as more than 10% of patients with ARDS at trial enrol-
ment did no longer meet the criteria of ARDS within 24 hours.[30] Furthermore, patients 
that developed ARDS within 48 hours of hospital admission had a better prognosis as 
compared to patients that developed ARDS after 48 hours of hospital admission.[31, 32] 
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The increased mortality rate may be associated with the underlying risk factor for ARDS 
and with sustained exposure to a trigger resulting in late ARDS.[30]

Pulmonary ARDS and extra-pulmonary ARDS have different radiological presentation. 
In pulmonary ARDS (e.g. pneumonia, aspiration pneumonia, or inhalation injury), a pul-
monary insult causes a direct disruption of the alveolar membrane and subsequently 
the alveolar-capillary membrane. In extra-pulmonary ARDS (e.g. sepsis, pancreatitis, or 
trauma), progressive systemic inflammation damages the endothelium and progresses 
to diffuse injury of the alveolar-capillary membrane.[33] On a chest CT scan, pulmonary 
ARDS is more focal and consolidative, whereas extra-pulmonary ARDS is diffuse and 
consists of more ground glass opacities (i.e. capillary leakage).[34, 35] Higher PEEP 
recruited more lung volume in patients with extra-pulmonary ARDS as compared to 
pulmonary ARDS.[34] However, it can be difficult to correctly identify the risk factor or 
lung morphology of ARDS, as in more than a third of patients with ARDS clinicians were 
uncertain about the cause of ARDS and lung morphology was misclassified in 21% of 
patients.[36, 37]

The value of personalised treatment of ARDS based on a similar risk factor was un-
derscored by the COVID-19 pandemic. Randomized controlled trials performed in the 
COVID-19 related ARDS subgroup had more success in two years of research than two 
decades of research in ARDS, as corticosteroids improved patient survival in COVID-19 
related ARDS.[38-40] However, heterogeneity of treatment effect was observed even in 
this relatively homogeneous subgroup of ARDS, as patients that received no respiratory 
support did not benefit from treatment with corticosteroids.

Biologically derived phenotypes in ARDS
Treatment of ARDS can be personalised based on the identification of a biologically 
derived phenotype. It has been hypothesized that the addition of a biomarker to the 
clinical definition of ARDS could identify biological subgroups and improve homogene-
ity in patients with ARDS.[41-44] A biomarker derived phenotype could be especially 
useful in clinical trials assessing the efficacy of a pharmacological compound.[12]

Biomarkers for ARDS have multiple purposes: to predict the development of ARDS, to 
stratify disease severity, to provide insights into ARDS pathogenesis, to predict outcome, 
or to monitor treatment effect or disease progression.[41] The majority of ARDS bio-
markers are a surrogate for systemic inflammation, alveolar epithelial injury, endothe-
lial injury, or coagulation.[45] However, most biomarkers are not specific for ARDS, and 
rather reflect systemic inflammation or disease severity.[46]
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Measurement of biomarkers in the pulmonary compartment could be more specific for 
ARDS and better reflect pulmonary disease severity instead of systemic disease sever-
ity.[47] Bronchoalveolar lavage fluid obtained during bronchoscopy is considered to 
be the gold standard for the sampling of the pulmonary compartment. However, a 
bronchoscopy is an invasive procedure and an unknown dilution factor is introduced. 
Direct aspiration of pulmonary oedema fluid has been suggested, but this method is 
only available in patients with severe pulmonary oedema.[48] Alternatively, exhaled 
breath condensate (EBC) can be used to non-invasively sample the pulmonary compart-
ment. Serial samples of EBC could be used to monitor ARDS development or response to 
treatment. However, sample collection is time consuming and introduces an unknown 
dilution factor as well.[49, 50]

Nevertheless, biomarkers used for the identification of less heterogeneous ARDS pheno-
types do not require to be ARDS specific, provided that they adequately stratify patients 
with ARDS. Plasma biomarkers for inflammation have been combined with clinical and 
physiological variables using advanced statistical modelling to identify a hyperinflam-
matory and hypoinflammatory ARDS phenotype.[51] Patients that were in a hyperin-
flammatory state benefitted more from treatment with higher PEEP or simvastatin than 
patients in a relatively hypoinflammatory state.[51-54] In contrast, the original random-
ized controlled trials did not find a treatment benefit. Thus, ARDS treatment could be 
personalised based on the identification of a biomarker derived phenotype.

In Part I. Personalised treatment of ARDS based on biomarkers, we examine the 
independent predictive value of biomarkers in ARDS, assess non-invasive measurement 
of pulmonary inflammation, and use a latent class analysis in order to identify hetero-
geneity of treatment effect in patients with community-acquired pneumonia, the main 
risk factor for the development of ARDS.

Physiologically derived phenotypes in ARDS
Mechanical ventilation according to the ARDS Network trial is considered to be the stan-
dard of care in patients with ARDS.[5] However, this mechanical ventilation strategy is 
a standardized one-size-fits-all approach. Physiological or respiratory parameters, e.g. 
oxygenation, driving pressure or transpulmonary pressure, can be used to identify more 
homogeneous subgroups in patients with ARDS or to adjust mechanical ventilation set-
tings following treatment response.

Both the AECC definition of ARDS and the Berlin definition of ARDS included the de-
gree of hypoxemia as a measure for disease severity.[2, 15] A lower PaO2/FiO2 ratio is 
associated with an increase in pulmonary oedema and non-aerated lung tissue, and 
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likely introduces a heterogeneous treatment effect.[55, 56] It has been suggested that 
the application of higher PEEP could improve survival in patients with moderate to 
severe ARDS, but is not beneficial in patients with mild ARDS.[57] In addition, predictive 
enrichment based on decreased oxygenation has been used in the clinical trial for prone 
positioning.[6, 58] Driving pressure and pulmonary dead space fraction have also been 
proposed to establish phenotypes, as both are independently associated with mortality 
rate in ARDS.[59, 60]

However, oxygenation, driving pressure, and dead space fraction are dependent on 
mechanical ventilator settings.[61] A change in PEEP likely alters PaO2/FiO2 ratio, driv-
ing pressure (or compliance), and pulmonary dead space fraction.[27] Instead of a 
mechanical ventilator setting dependent variable, we should try to identify intrinsic 
characteristics of the ARDS lung over a range of mechanical ventilator settings. The 
intrinsic characteristic of the ARDS lung that is subject of this thesis is recruitability.

Recruitability is the amount of collapsed lung tissue that has the potential for (re)aera-
tion.[62] A lung CT scan at various pressure levels is considered to be the gold standard 
for the assessment of anatomical lung recruitment.[63, 64] PEEP titration based on CT 
scan is not used in clinical practice, as it requires patient transport, causes radiation ex-
posure, and does not assess changes in respiratory mechanics over time. Multiple PEEP 
titration approaches at the bedside have been developed to estimate recruitability.[65, 
66] Except for a secondary analysis using transpulmonary pressure based PEEP titration, 
none has shown to reduce mortality rate in patients with ARDS.[67-69]

Electrical impedance tomography (EIT) can be used to personalise treatment in patients 
with ARDS based on regional ventilation distribution. EIT is a non-invasive monitoring 
tool that reconstructs a dynamic cross-sectional image of ventilation based on changes 
in thoracic impedance.[70] The sum of all pixels within a given region of interest form 
the EIT plethysmogram, which represents the tidal volume delivered to the lung. There 
is a strong correlation between EIT plethysmogram and lung aeration measured by CT 
scan or functional end-expiratory lung volume.[71, 72]

Multiple EIT parameters have been described in order to find optimal ventilation during 
a PEEP trial.[73-76] In addition, alveolar collapse and overdistention can be quantified 
by examining pixel compliance during a decremental PEEP trial.[77] The pixel compli-
ance can be calculated as the difference in EIT plethysmogram, as a surrogate for 
regional lung volume, divided by the driving pressure. The best pixel compliance can 
be calculated during a PEEP trial. A decrease in compliance at higher PEEP levels is an 
indication of alveolar overdistention and a decrease in compliance at lower PEEP levels 
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indicates alveolar collapse. The number of studies that use EIT to titrate PEEP is limited. 
In Part II. Personalised treatment of ARDS based on recruitability, we discussed 
the indications and limitations of a higher PEEP strategy and used EIT to personalise 
mechanical ventilation in patients with ARDS.

AIMS AND OUTLINE OF THIS THESIS

Despite decades of research in patients with ARDS, only a few interventions have shown 
to improve clinical outcomes.[12] Heterogeneity in patients with ARDS, and subsequent 
heterogeneity of treatment effect are likely to be the cause of multiple negative trials.[3] 
In patients with ARDS it is crucial to select the patients that are likely to respond to treat-
ment, also known as predictive enrichment.[22] The aim of this thesis is to personalise 
treatment of patients with ARDS based on biomarkers or recruitability.

In Part I. Personalised treatment of ARDS based on biomarkers, we examine systemic 
biomarkers and biomarkers of pulmonary inflammation in order to identify biologically 
derived phenotypes for future research. In Chapter 2, we performed a systematic re-
view of biomarkers that were independently associated with ARDS development and 
mortality. The majority of identified biomarkers for ARDS were measured in plasma 
and were associated with inflammation, epithelial injury or endothelial injury. These 
biomarkers reflected systemic inflammation, and not necessarily pulmonary inflam-
mation. In Chapter 3, the link between mechanical ventilation and local pulmonary 
inflammation is described in a narrative review according to the purinergic signalling 
hypothesis. Pulmonary extracellular adenosine-triphosphate (ATP) is a key molecule 
in the development of lung injury, and – if assessed in fluid derived from the lungs 
– may be used to monitor ARDS or ventilation-induced lung injury. In Chapter 4, we 
examined the feasibility of measuring pulmonary extracellular ATP in exhaled breath 
condensate (EBC) of patients with increased minute ventilation following an exercise 
test. In Chapter 5, we performed a pilot study to examine whether biomarkers were 
readily detectable in swivel-derived EBC. Swivel-derived EBC provides the opportunity 
to collect EBC samples simple and fast in large prospective cohorts. In Chapter 6, we 
focussed on patients with community-acquired pneumonia, the primary risk factor for 
ARDS. In a secondary analysis of two randomized controlled trials, we used a latent 
class analysis based on both clinical parameters and biomarkers to identify subgroups 
in patients with community-acquired pneumonia that were more likely to respond to 
adjuvant treatment with corticosteroids.
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In Part II. Personalised treatment of ARDS based on recruitability, advanced respira-
tory monitoring was used to personalise mechanical ventilation in patients with ARDS. 
In Chapter 7, we describe the rationale for the use of higher PEEP preceded by a recruit-
ment manoeuvre according to the Open Lung Concept. In Chapter 8, we performed a 
small retrospective study and briefly describe how a recruitment manoeuvre and the 
use of high airway pressures could improve oxygenation and prevent the use of veno-
venous extracorporeal membrane oxygenation in patients with severe ARDS. In February 
2020, the first patient with coronavirus disease (COVID-19) was admitted to the ICU in 
the Netherlands, and a wave of patients with COVID-19 related ARDS followed. In Chap-
ter 9, we used electrical impedance tomography (EIT) to titrate PEEP in patients with 
COVID-19 related ARDS based on both minimal alveolar overdistention and collapse. In 
Chapter 10, EIT was used to personalise PEEP in patients with COVID-19 related ARDS. 
We compared EIT guided PEEP with the PEEP set by the one-size-fits-all PEEP-FiO2 table, 
and assessed the baseline characteristics of patients that required significantly lower or 
higher PEEP according to EIT guided PEEP titration.
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ABSTRACT

Background: Heterogeneity of acute respiratory distress syndrome (ARDS) could be 
reduced by identification of biomarker based phenotypes. The set of ARDS biomarkers 
to prospectively define these phenotypes remains to be established.

Objective: To provide an overview of the biomarkers that were multivariately associ-
ated with ARDS development or mortality.

Data sources: We performed a systematic search in Embase, MEDLINE, Web of Science, 
Cochrane CENTRAL, and Google Scholar from inception until 6 March 2020.

Study selection: Studies assessing biomarkers for ARDS development in critically ill 
patients at-risk for ARDS and mortality due to ARDS adjusted in multivariate analyses 
were included.

Data extraction and synthesis: We included 35 studies for ARDS development (10,667 
patients at-risk for ARDS) and 53 for ARDS mortality (15,344 patients with ARDS). These 
studies were too heterogeneous to be used in a meta-analysis, as time until outcome 
and the variables used in the multivariate analyses varied widely between studies. After 
qualitative inspection, high plasma levels of angiopoeitin-2 and receptor for advanced 
glycation end products (RAGE) were associated with an increased risk of ARDS develop-
ment. None of the biomarkers (plasma angiopoeitin-2, C-reactive protein, interleukin-8, 
RAGE, surfactant protein-D, and Von Willebrand factor) were clearly associated with 
mortality.

Conclusions: Biomarker data reporting and variables used in multivariate analyses 
differed greatly between studies. Angiopoeitin-2 and RAGE in plasma were positively 
associated with increased risk of ARDS development. None of the biomarkers inde-
pendently predicted mortality. Therefore, we suggested to structurally investigate a 
combination of biomarkers and clinical parameters in order to find more homogeneous 
ARDS phenotypes.

PROSPERO identifier: CRD42017078957

Keywords: Acute Respiratory Distress Syndrome, Biomarkers, Diagnosis, Mortality
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INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a major problem in the intensive 
care unit (ICU) with a prevalence of 10% and an in-hospital mortality rate of 40%.[1, 2] 
ARDS pathophysiology is based on a triad of alveolar-capillary membrane injury, high 
permeability alveolar oedema, and migration of inflammatory cells.[3] This triad is 
not routinely measured in clinical practice. Therefore, arterial hypoxemia and bilateral 
opacities on chest imaging following various clinical insults are used as clinical surro-
gates in the American European Consensus Conference (AECC) definition and the newer 
Berlin definition of ARDS.[4, 5]

Histologically ARDS is characterized by diffuse alveolar damage (DAD). The correlation 
between a clinical and histological diagnosis of ARDS is poor.[6] Only half of clinically 
diagnosed patients with ARDS have histological signs of DAD at autopsy.[7-10] The num-
ber of risk factors for ARDS and consequently the heterogeneous histological substrates 
found in patients with clinical ARDS have been recognized as a major contributor to the 
negative randomized controlled trial results among patients with ARDS.[11]

It has been suggested that the addition of biomarkers to the clinical definition of ARDS 
could reduce ARDS heterogeneity by the identification of subgroups.[12-15] A retrospec-
tive latent class analysis of large randomized controlled trials identified two ARDS phe-
notypes largely based on ARDS biomarkers combined with clinical parameters.[16, 17] 
These phenotypes responded differently to the randomly assigned intervention arms. 
Prospective studies are required to validate these ARDS phenotypes and their response 
to interventions. The set of ARDS biomarkers to prospectively define these phenotypes 
remains to be established.

Numerous biomarkers and their pathophysiological role in ARDS have been described.
[12, 18] In an earlier meta-analysis, biomarkers for ARDS development and mortality 
were examined in univariate analysis.[19] However, pooling of univariate biomarker 
data may result in overestimation of the actual effect. For this reason, we conducted a 
systematic review and included all biomarkers that were multivariately associated with 
ARDS development or mortality. This study provides a synopsis of ARDS biomarkers that 
could be used for future research in the identification of ARDS phenotypes.
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METHODS

This systematic review was prospectively registered in PROSPERO International 
Prospective Register of Systematic Reviews (PROSPERO identifier CRD42017078957) 
and performed according to the Transparent Reporting of Systematic Reviews and 
Meta-analyses (PRISMA) Statement.[20] After the search strategy, two reviewers (PZ, PS, 
and/or WG) separately performed study eligibility criteria, data extraction, and quality 
assessment. Any discrepancies were resolved by consensus, and if necessary, a third 
reviewer was consulted.

We searched for studies that included biomarkers that were associated with ARDS de-
velopment in critically ill patients at-risk for ARDS and mortality in the ARDS population 
in multivariate analyses adjusted for background characteristics. We did not perform 
a meta-analysis, because the raw data in all studies was either not transformed or log 
transformed resulting in varying risk ratios and confidence intervals. In addition, the 
majority of studies used different biomarker concentration cut-offs, resulting in vary-
ing concentration increments for risk ratios. Lastly, the number of days until mortality 
and variables used in multivariate analysis differed between studies. For these reasons 
we limited this study to a systematic review, as the multivariate odds ratios were not 
comparable and pooling would result in non-informative estimates.[21]

Search strategy
We performed a systematic search in Embase, MEDLINE, Web of Science, Cochrane 
CENTRAL, and Google Scholar from inception until 30 July 2018 with assistance from 
the Erasmus MC librarian. The search was later updated to 6 March 2020. A detailed 
description of the systematic search string is presented in Additional file 1. In addition, 
the reference lists of included studies and recent systematic reviews were screened to 
identify additional eligible studies.

Study eligibility criteria
All retrieved studies were screened on the basis of title and abstract. Studies that did not 
contain adult patients at-risk for ARDS or with ARDS and any biomarker for ARDS were 
excluded. The following eligibility criteria were used: human research; adult popula-
tion; studies in which biomarkers were presented as odds ratios (OR) or risk ratios in 
multivariate analysis with ARDS development or mortality as outcome of interest; peer-
reviewed literature only; and English language. Studies comparing ARDS with healthy 
control subjects, case series (<10 patients included in the study), and studies presenting 
gene expression fold change were excluded.
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Data extraction
A standardized form was used for data-extraction from all eligible studies. Two clinical 
endpoints were evaluated in this study: development of ARDS in the at-risk population 
(patients that did develop ARDS versus critically ill patients that did not) and mortal-
ity in the ARDS population (survivors versus non-survivors). The following data were 
extracted: study design and setting, study population, sample size, the definition of 
ARDS used in the study, outcome, risk ratio with 95% confidence interval in multivariate 
analyses, and the variables used in the analyses. In addition, the role of the biomarker 
in ARDS pathophysiology as reported by the studies was extracted and divided into 
the following categories: increased endothelial permeability, alveolar epithelial injury, 
oxidative injury, inflammation, pro-fibrotic, myocardial strain, coagulation, and other. 
Subsequently, the relative frequency distribution of biomarker roles in ARDS patho-
physiology was depicted in a bar chart.

Quality assessment
Methodological quality of the included studies was assessed with the Newcastle-Ottawa 
Scale (NOS) for assessing the quality of nonrandomized studies in systematic reviews 
and meta-analyses.[22] Items regarding patient selection, comparability and outcome 
were assessed using a descriptive approach and a risk-of-bias score, varying between 0 
(high risk) and 9 (low risk), was assigned to each study.

RESULTS

Literature search and study selection
A total of 8,125 articles were identified by the initial search and 972 by the updated 
search (Figure 1). After removal of duplicates and reviewing titles and abstracts, we 
selected 438 articles for full-text review. A total of 86 studies was eligible for data extrac-
tion: 35 for ARDS development and 53 for ARDS mortality.

Study characteristics and quality assessment
The study characteristics of the 35 studies for ARDS development are presented in Table 
1. A total of 10,667 critically ill patients was at-risk for ARDS, of whom 2,419 (24.6%) 
patients developed ARDS. The majority of studies used the Berlin definition of ARDS 
(21/35), followed by the AECC criteria of ARDS (13/35). The included biomarkers were 
measured in plasma, cerebrospinal fluid, and bronchoalveolar lavage fluid. In all stud-
ies, the first sample was taken within 72 hours following ICU admission.
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Personalised treatment of ARDS based on biomarkers

The study characteristics of the 53 studies for ARDS mortality are presented in Table 2. 
A total of 15,344 patients with ARDS were included with an observed mortality rate of 
36.0%. The AECC definition of ARDS was used in the majority of included studies (39/53). 
The included biomarkers were measured in plasma, bronchoalveolar lavage fluid, and 
urine. All samples were taken within 72 hours following the development of ARDS.

The median quality of the included publications according to the NOS was 7 (range 4-9) 
for ARDS development and 8 (range 5-9) for ARDS mortality (Additional file 2).

Figure 1. PRISMA Flow diagram for a systematic search
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Figure 1. PRISMA Flow diagram for a systematic search 
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Biomarkers associated with ARDS development in the at-risk population
A total of 37 biomarkers in plasma, 7 in cerebrospinal fluid, and 1 in bronchoalveolar 
lavage fluid were assessed in multivariate analyses (Table 3). Five studies examined 
angiopoeitin-2 (Ang-2) and seven studies examined receptor for advanced glycation 
end products (RAGE). In all studies high plasma levels of Ang-2 and RAGE were signifi-
cantly associated with an increased risk of ARDS development in the at-risk population. 
Similar results were seen for surfactant protein-D (SpD) in plasma in all three studies 
that assessed SpD. In contrast, biomarkers for inflammation as C-reactive protein (CRP), 
procalcitonin, interleukin-6 and interleukin-8 were not clearly associated with ARDS 
development. The majority of biomarkers in plasma are surrogates for inflammation in 
ARDS pathophysiology (Figure 2).

Biomarkers associated with mortality in the ARDS population
A total of 49 biomarkers in plasma, 8 in bronchoalveolar lavage fluid, and 3 in urine were 
included in this study (Table 4). Ang-2, CRP, interleukin-8 (IL-8), RAGE, SpD, and Von 
Willebrand factor (VWF) in plasma were assessed in four or more studies. However, none 
of these biomarkers was associated with ARDS mortality in all four studies. Similarly 
to biomarkers in ARDS development, the majority of biomarkers for ARDS mortality 
in plasma had a pathophysiological role in inflammation (Figure 2). The majority of 
biomarkers measured in bronchoalveolar lavage fluid had a pro-fibrotic role in ARDS 
pathophysiology.

Figure 2. Biomarker role in ARDS pathophysiology



44 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
3 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

de
ve

lo
pm

en
t i

n 
th

e 
at

-r
is

k 
po

pu
la

ti
on

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Ad
ip

on
ec

tin
Pa

la
ks

ha
pp

a 
20

16
[5

9]
An

ti-
in

fla
m

m
at

or
y

16
3

1.
12

 (1
.0

1-
1.

25
)

pe
r 5

m
cg

/m
L

An
gi

op
oi

et
in

-2
Ag

ra
w

al
 2

01
3[

34
]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
16

7
1.

8 
(1

.0
-3

.4
)

pe
r l

og
10

An
gi

op
oi

et
in

-2
Fr

em
on

t 2
01

0[
43

]
In

cr
ea

se
d 

en
do

th
el

ia
l p

er
m

ea
bi

lit
y

19
2

2.
20

 (1
.1

9–
4.

05
)

hi
gh

es
t v

s l
ow

es
t q

ua
rt

ile

An
gi

op
oi

et
in

-2
Re

ill
y 

20
18

[6
0]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
70

3
1.

49
 (1

.2
0-

1.
77

)
pe

r l
og

 in
cr

ea
se

An
gi

op
oi

et
in

-2
W

ar
e 

20
17

[6
5]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
39

3
1.

89
0 

(1
.3

22
- 2

.7
02

)
1s

t v
s 4

th
 q

ua
rt

ile

An
gi

op
oi

et
in

-2
Xu

 2
01

8[
66

]
In

cr
ea

se
d 

en
do

th
el

ia
l p

er
m

ea
bi

lit
y

15
8

1.
25

8 
(1

.1
37

-1
.3

92
)

Ad
va

nc
ed

 o
xi

da
nt

 p
ro

te
in

 p
ro

du
ct

s
Du

 2
01

6[
41

]
Ox

id
at

iv
e 

in
ju

ry
70

1.
16

4 
(1

.0
68

-1
.2

69
)

Br
ai

n 
na

tr
iu

re
tic

 p
ep

tid
e

Fr
em

on
t 2

01
0[

43
]

M
yo

ca
rd

ia
l s

tr
ai

n
19

2
0.

45
 (0

.2
6–

0.
77

)
hi

gh
es

t v
s l

ow
es

t q
ua

rt
ile

Br
ai

n 
na

tr
iu

re
tic

 p
ep

tid
e

Ko
m

iy
a 

20
11

[5
1]

M
yo

ca
rd

ia
l s

tr
ai

n
12

4
14

.4
25

 (4
.3

82
 - 

47
.4

83
)

> 
50

0 
pg

/m
L

O
ut

co
m

e 
is

 C
PE

Cl
ub

 ce
ll 

se
cr

et
or

y 
pr

ot
ei

n
Je

ns
en

 2
01

6[
49

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

40
5

2.
6 

(0
.7

 - 
9.

7)
≥ 

42
.8

 n
g/

m
L

Le
ar

ni
ng

 co
ho

rt

Cl
ub

 ce
ll 

se
cr

et
or

y 
pr

ot
ei

n
Je

ns
en

 2
01

6[
49

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

35
3

0.
96

 (0
.2

0 
- 4

.5
)

≥ 
42

.8
 n

g/
m

L
Va

lid
at

in
g 

co
ho

rt

Cl
ub

 ce
ll 

se
cr

et
or

y 
pr

ot
ei

n
Li

n 
20

17
[5

3]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

21
2

1.
09

6 
(1

.0
85

-1
.1

62
)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ba
i 2

01
8[

39
]

In
fla

m
m

at
io

n
38

4
1.

31
4 

(0
.6

20
-1

.6
03

)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ch
en

 2
01

9[
40

]
In

fla
m

m
at

io
n

11
5

0.
99

4 
(0

.9
78

-1
.0

10
)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Hu
an

g 
20

19
[4

6]
In

fla
m

m
at

io
n

15
2

1.
28

7 
(0

.2
95

-5
.6

06
)

≥ 
90

.3
 m

g/
L

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Hu
an

g 
20

19
[4

7]
In

fla
m

m
at

io
n

19
33

1.
00

8 
(1

.0
07

-1
.0

10
)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ko
m

iy
a 

20
11

[5
1]

In
fla

m
m

at
io

n
12

4
0.

10
6 

(0
.0

35
 - 

0.
32

3)
> 

50
 m

g/
L

O
ut

co
m

e 
is

 C
PE

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Li
n 

20
17

[5
3]

In
fla

m
m

at
io

n
21

2
1.

00
7 

(1
.0

01
-1

.0
14

)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

O
sa

ka
 2

01
1[

58
]

In
fla

m
m

at
io

n
27

1.
02

9 
(0

.8
29

-1
.2

93
)

pe
r 1

m
g/

dL
 in

cr
ea

se

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

W
an

g 
20

19
[6

4]
In

fla
m

m
at

io
n

10
9

1.
00

0 
(0

.9
92

-1
.0

08
)

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Yi
ng

 2
01

9[
68

]
In

fla
m

m
at

io
n

14
5

1.
22

 (0
.9

5-
 1

.6
8)

fre
e 

2-
ch

lo
ro

fa
tty

 a
ci

d
M

ey
er

 2
01

7[
56

]
Ox

id
at

iv
e 

in
ju

ry
19

8
1.

62
 (1

.2
5-

 2
.0

9)
pe

r l
og

10



2

Chapter 2 45

A systematic review of biomarkers multivariately associated with ARDS

Ta
bl

e 
3 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

de
ve

lo
pm

en
t i

n 
th

e 
at

-r
is

k 
po

pu
la

ti
on

 (c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

to
ta

l 2
-c

hl
or

of
at

ty
 a

ci
d

M
ey

er
 2

01
7[

56
]

Ox
id

at
iv

e 
in

ju
ry

19
8

1.
82

 (1
.3

2-
 2

.5
2)

pe
r l

og
10

fre
e 

2-
ch

lo
ro

st
ea

ric
 a

ci
d

M
ey

er
 2

01
7[

56
]

Ox
id

at
iv

e 
in

ju
ry

19
8

1.
82

 (1
.4

1-
 2

.3
7)

pe
r l

og
10

to
ta

l 2
-c

hl
or

os
te

ar
ic

 a
ci

d
M

ey
er

 2
01

7[
56

]
Ox

id
at

iv
e 

in
ju

ry
19

8
1.

78
 (1

.3
1-

 2
.4

3)
pe

r l
og

10

En
do

ca
n

Ga
ud

et
 2

01
8[

44
]

Le
uk

oc
yt

e 
ad

he
si

on
 in

hi
bi

tio
n

72
0.

00
1 

(0
- 0

.2
15

)
> 

5.
36

ng
/m

L

En
do

ca
n

M
ik

ke
ls

en
 2

01
2[

57
]

Le
uk

oc
yt

e 
ad

he
si

on
 in

hi
bi

tio
n

48
0.

69
 (0

.4
9-

0.
97

)
1 

un
it 

in
cr

ea
se

En
do

ca
n

Yi
ng

 2
01

9[
68

]
Le

uk
oc

yt
e 

ad
he

si
on

 m
od

ul
at

io
n

14
5

1.
57

 (1
.1

4-
2.

25
)

Fi
br

in
og

en
Lu

o 
20

17
[5

5]
Co

ag
ul

at
io

n
15

7
1.

89
3 

(1
.1

41
- 3

.1
42

)

Gl
ut

am
at

e
Ba

i 2
01

7[
38

]
No

n-
es

se
nt

ia
l a

m
in

o 
ac

id
, 

ne
ur

ot
ra

ns
m

itt
er

50
2.

22
9 

(1
.0

82
 - 

2.
63

4)

Gl
ut

am
at

e
Ba

i 2
01

7[
38

]
No

n-
es

se
nt

ia
l a

m
in

o 
ac

id
, 

ne
ur

ot
ra

ns
m

itt
er

42
0.

99
6 

(0
.9

65
 - 

1.
02

8)

Gl
ut

am
at

e
Ba

i 2
01

8[
39

]
No

n-
es

se
nt

ia
l a

m
in

o 
ac

id
38

4
3.

02
2 

(2
.0

01
-4

.0
43

)

Gr
ow

th
 a

rr
es

t s
pe

ci
fic

 g
en

e 
6

Ye
h 

20
17

[6
7]

En
do

th
el

ia
l a

ct
iv

at
io

n
12

9
1.

6 
(1

.3
- 2

.6
)

In
su

lin
 li

ke
 g

ro
w

th
 fa

ct
or

 1
Ah

as
ic

 2
01

2[
35

]
Pr

o-
fib

ro
tic

53
1

0.
58

 (0
.4

2–
0.

79
)

pe
r l

og
10

IG
F 

Bi
nd

in
g 

Pr
ot

ei
n 

3
Ah

as
ic

 2
01

2[
35

]
Pr

o-
fib

ro
tic

53
1

0.
57

 (0
.4

0–
0.

81
)

pe
r l

og
10

In
te

rle
uk

in
-1

 b
et

a
Ai

si
ku

 2
01

6[
36

]
Pr

o-
in

fla
m

m
at

or
y

19
4

0.
98

 (0
.7

3–
1.

32
)

In
te

rle
uk

in
-1

 b
et

a
Ch

en
 2

01
9[

40
]

Pr
o-

in
fla

m
m

at
or

y
11

5
1.

00
1 

(0
.9

45
-1

.0
61

)

In
te

rle
uk

in
-1

 b
et

a
Hu

an
g 

20
19

[4
6]

Pr
o-

in
fla

m
m

at
or

y
15

2
0.

66
6 

(0
.1

52
-2

.9
10

)
≥ 

11
.3

 p
g/

m
L

In
te

rle
uk

in
-1

 b
et

a
W

an
g 

20
19

[6
4]

Pr
o-

in
fla

m
m

at
or

y
10

9
1.

02
1 

(0
.9

82
-1

.0
63

)

In
te

rle
uk

in
-6

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
19

5
1.

24
 (1

.0
5–

1.
49

)

In
te

rle
uk

in
-6

Ba
i 2

01
8[

39
]

Pr
o-

in
fla

m
m

at
or

y
38

4
1.

19
4 

(0
.8

06
-1

.3
64

)

In
te

rle
uk

in
-6

Ch
en

 2
01

9[
40

]
Pr

o-
in

fla
m

m
at

or
y

11
5

0.
99

8 
(0

.9
93

-1
.0

03
)

In
te

rle
uk

in
-6

Hu
an

g 
20

19
[4

6]
Pr

o-
in

fla
m

m
at

or
y

15
2

0.
51

2 
(0

.1
56

-1
.6

78
)

≥ 
63

.7
 p

g/
m

L

In
te

rle
uk

in
-6

Ye
h 

20
17

[6
7]

Pr
o-

in
fla

m
m

at
or

y
12

9
1.

4 
(0

.9
8-

1.
7)



46 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
3 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

de
ve

lo
pm

en
t i

n 
th

e 
at

-r
is

k 
po

pu
la

ti
on

 (c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

In
te

rle
uk

in
-8

Ag
ra

w
al

 2
01

3[
34

]
Pr

o-
in

fla
m

m
at

or
y

16
7

1.
3 

(0
.9

7–
1.

8)
pe

r l
og

10

In
te

rle
uk

in
-8

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
19

4
1.

26
 (1

.0
4–

1.
53

)

In
te

rle
uk

in
-8

Ch
en

 2
01

9[
40

]
Pr

o-
in

fla
m

m
at

or
y

11
5

1.
00

0 
(0

.9
96

-1
.0

03
)

In
te

rle
uk

in
-8

Fr
em

on
t 2

01
0[

43
]

Pr
o-

in
fla

m
m

at
or

y
19

2
1.

81
 (1

.0
3–

3.
17

)
hi

gh
es

t v
s l

ow
es

t q
ua

rt
ile

In
te

rle
uk

in
-8

Li
u 

20
17

[5
4]

Pr
o-

in
fla

m
m

at
or

y
13

4
1.

4 
(0

.9
8-

 1
.7

)
pe

r l
og

10

In
te

rle
uk

in
-8

Ye
h 

20
17

[6
7]

Pr
o-

in
fla

m
m

at
or

y
12

9
1.

4 
(0

.9
2-

 1
.7

)

In
te

rle
uk

in
-1

0
Ai

si
ku

 2
01

6[
36

]
An

ti-
in

fla
m

m
at

or
y

19
5

1.
66

 (1
.2

2–
2.

26
)

In
te

rle
uk

in
-1

0
Ch

en
 2

01
9[

40
]

An
ti-

in
fla

m
m

at
or

y
11

5
1.

00
3 

(0
.9

98
-1

.0
18

)

In
te

rle
uk

in
-1

0
Fr

em
on

t 2
01

0[
43

]
An

ti-
in

fla
m

m
at

or
y

19
2

2.
02

 (0
.9

6–
4.

25
)

hi
gh

es
t v

s l
ow

es
t q

ua
rt

ile

In
te

rle
uk

in
-1

2p
70

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
19

4
1.

18
 (0

.8
2–

1.
69

)

In
te

rle
uk

in
-1

7
Ch

en
 2

01
9[

40
]

Pr
o-

in
fla

m
m

at
or

y
11

5
1.

00
3 

(1
.0

00
-1

.0
07

)
No

t s
ig

ni
fic

an
t

In
te

rle
uk

in
-1

7
Hu

an
g 

20
19

[4
6]

Pr
o-

in
fla

m
m

at
or

y
15

2
0.

64
4 

(0
.1

73
-2

.4
05

)
≥ 

14
4.

55
 p

g/
m

L

In
te

rle
uk

in
-1

7
W

an
g 

20
19

[6
4]

Pr
o-

in
fla

m
m

at
or

y
10

9
1.

00
1 

(0
.9

97
-1

.0
04

)

Le
uk

ot
rie

ne
 B

4
Am

at
 2

00
0[

37
]

Pr
o-

in
fla

m
m

at
or

y
35

14
.3

 (2
.3

 - 
88

.8
)

> 
14

 p
m

ol
/m

L

M
ic

ro
pa

rt
ic

le
s

Sh
av

er
 2

01
7[

62
]

Co
ag

ul
at

io
n

28
0

0.
69

3 
(0

.4
90

-0
.9

80
)

pe
r 1

0 
m

ic
ro

M

m
ito

ch
on

dr
ia

l D
NA

Fa
us

t 2
02

0[
42

]
Da

m
ag

e 
as

so
ci

at
ed

 m
ol

ec
ul

ar
 

pa
tte

rn
22

4
1.

58
 (1

.1
4-

2.
19

)
48

 h
ou

r p
la

sm
a

m
ito

ch
on

dr
ia

l D
NA

Fa
us

t 2
02

0[
42

]
Da

m
ag

e 
as

so
ci

at
ed

 m
ol

ec
ul

ar
 

pa
tte

rn
12

0
1.

52
 (1

.1
2-

2.
06

)
pe

r l
og

 co
pi

es
 p

er
 

m
ic

ro
lit

er
48

 h
ou

r p
la

sm
a

M
ye

lo
pe

ro
xi

da
se

M
ey

er
 2

01
7[

56
]

Pr
o-

in
fla

m
m

at
or

y
19

8
1.

28
 (0

.8
9-

 1
.8

4)
pe

r l
og

10

Ni
tr

ic
 o

xi
de

Ai
si

ku
 2

01
6[

36
]

Ox
id

at
iv

e 
in

ju
ry

19
3

1.
60

 (0
.9

8–
2.

90
)

Pa
rk

in
so

n 
di

se
as

e 
7

Li
u 

20
17

[5
4]

An
ti-

ox
id

at
iv

e 
in

ju
ry

13
4

1.
8 

(1
.1

- 3
.5

)
pe

r l
og

10

Pr
e 

B-
ce

ll 
co

lo
ny

 e
nh

an
ci

ng
 fa

ct
or

Le
e 

20
11

[5
2]

Pr
o-

in
fla

m
m

at
or

y
11

3
0.

78
 (0

.4
3 

- 1
.4

1)
pe

r 1
0 

fo
ld

 in
cr

ea
se

Pr
oc

al
ci

to
ni

n
Ba

i 2
01

8[
39

]
In

fla
m

m
at

io
n

38
4

1.
15

6 
(0

.8
44

-1
.1

33
)



2

Chapter 2 47

A systematic review of biomarkers multivariately associated with ARDS

Ta
bl

e 
3 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

de
ve

lo
pm

en
t i

n 
th

e 
at

-r
is

k 
po

pu
la

ti
on

 (c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Pr
oc

al
ci

to
ni

n
Ch

en
 2

01
9[

40
]

In
fla

m
m

at
io

n
11

5
1.

02
0 

(0
.9

66
-1

.0
77

)

Pr
oc

al
ci

to
ni

n
Hu

an
g 

20
19

[4
6]

In
fla

m
m

at
io

n
15

2
2.

50
6 

(0
.7

05
-8

.9
13

)
≥ 

13
.2

 n
g/

m
L

Pr
oc

al
ci

to
ni

n
Hu

an
g 

20
19

[4
7]

In
fla

m
m

at
io

n
19

33
1.

00
8 

(1
.0

00
 - 

1.
01

6)
No

t s
ig

ni
fic

an
t

Pr
oc

al
ci

to
ni

n
W

an
g 

20
19

[6
4]

In
fla

m
m

at
io

n
10

9
1.

01
9 

(0
.9

81
-1

.0
58

)

Pr
oc

ol
la

ge
n 

III
Fr

em
on

t 2
01

0[
43

]
Pr

o-
fib

ro
tic

19
2

2.
90

 (1
.6

1–
5.

23
)

hi
gh

es
t v

s l
ow

es
t q

ua
rt

ile

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Fr

em
on

t 2
01

0[
43

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

19
2

3.
33

 (1
.8

5–
5.

99
)

hi
gh

es
t v

s l
ow

es
t q

ua
rt

ile

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ja

ba
ud

on
 2

01
8[

48
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
46

4
2.

25
 (1

.6
0-

 3
.1

6)
pe

r l
og

10
Ba

se
lin

e

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ja

ba
ud

on
 2

01
8[

48
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
46

4
4.

33
 (2

.8
5-

 6
.5

6)
pe

r l
og

10
Da

y 
1

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Jo

ne
s 2

02
0[

50
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
67

2
1.

73
 (1

.3
5-

2.
21

)
Eu

ro
pe

an
 

an
ce

st
ry

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Jo

ne
s 2

02
0[

50
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
67

2
2.

05
 (1

.5
0-

2.
83

)
Af

ric
an

 a
nc

es
tr

y

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Jo

ne
s 2

02
0[

50
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
84

3
2.

56
 (2

.1
4-

3.
06

)
Eu

ro
pe

an
 

an
ce

st
ry

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
W

ar
e 

20
17

[6
5]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
39

3
2.

38
2 

(1
.6

38
- 3

.4
64

)
1s

t v
s 4

th
 q

ua
rt

ile

Re
ce

pt
or

 in
te

ra
ct

in
g 

pr
ot

ei
n 

ki
na

se
 

-3
Sh

as
ha

ty
 2

01
9[

61
]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
12

0
1.

30
 (1

.0
3-

1.
63

)
pe

r 0
.5

 S
D

Re
ce

pt
or

 in
te

ra
ct

in
g 

pr
ot

ei
n 

ki
na

se
 

-3
Sh

as
ha

ty
 2

01
9[

61
]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
18

0
1.

83
 (1

.3
5-

2.
48

)
pe

r 0
.5

 S
D

So
lu

bl
e 

en
do

th
el

ia
l s

el
ec

tin
O

sa
ka

 2
01

1[
58

]
Pr

o-
in

fla
m

m
at

or
y

27
1.

09
9 

(1
.0

12
-1

.2
60

)
pe

r 1
 n

g/
m

L 
in

cr
ea

se

So
lu

bl
e 

ur
ok

in
as

e 
pl

as
m

in
og

en
 

ac
tiv

at
or

 re
ce

pt
or

Ch
en

 2
01

9[
40

]
Pr

o-
in

fla
m

m
at

or
y

11
5

1.
13

1 
(1

.0
02

-1
.2

77
)



48 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
3 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

de
ve

lo
pm

en
t i

n 
th

e 
at

-r
is

k 
po

pu
la

ti
on

 (c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Su
rfa

ct
an

t p
ro

te
in

 D
Je

ns
en

 2
01

6[
49

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

40
5

3.
4 

(1
.0

 - 
11

.4
)

≥ 
52

5.
6 

ng
/m

L
Le

ar
ni

ng
 co

ho
rt

Su
rfa

ct
an

t p
ro

te
in

 D
Je

ns
en

 2
01

6[
49

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

35
3

8.
4 

(2
.0

 - 
35

.4
)

≥ 
52

5.
6 

ng
/m

L
Va

lid
at

in
g 

co
ho

rt

Su
rfa

ct
an

t p
ro

te
in

 D
Su

zu
ki

 2
01

7[
63

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

68
5.

31
 (1

.4
0-

20
.1

5)
pe

r l
og

10

Ti
ss

ue
 in

hi
bi

to
r o

f m
at

rix
 

m
et

al
lo

pr
ot

ei
na

se
 3

He
nd

ric
ks

on
 

20
18

[4
5]

De
cr

ea
se

s e
nd

ot
he

lia
l p

er
m

ea
bi

lit
y

18
2

1.
4 

(1
.0

-2
.0

)
1 

SD
 in

cr
ea

se

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Ai

si
ku

 2
01

6[
36

]
Pr

o-
in

fla
m

m
at

or
y

19
5

1.
03

 (0
.7

1–
1.

51
)

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Ch

en
 2

01
9[

40
]

Pr
o-

in
fla

m
m

at
or

y
11

5
1.

00
2 

(0
.9

96
-1

.0
09

)

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Fr

em
on

t 2
01

0[
43

]
Pr

o-
in

fla
m

m
at

or
y

19
2

0.
51

 (0
.2

7–
0.

98
)

hi
gh

es
t v

s l
ow

es
t q

ua
rt

ile

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Hu

an
g 

20
19

[4
6]

Pr
o-

in
fla

m
m

at
or

y
15

2
3.

99
9 

(0
.9

21
-1

7.
37

5)
≥ 

17
3.

0 
pg

/m
L

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
W

an
g 

20
19

[6
4]

Pr
o-

in
fla

m
m

at
or

y
10

9
1.

00
0 

(0
.9

95
-1

.0
05

)

 B
io

m
ar

ke
rs

 in
 C

SF

In
te

rle
uk

in
-1

 b
et

a
Ai

si
ku

 2
01

6[
36

]
Pr

o-
in

fla
m

m
at

or
y

17
4

1.
11

 (0
.8

0–
1.

54
)

In
te

rle
uk

in
-6

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
17

4
1.

06
 (0

.9
5–

1.
19

)

In
te

rle
uk

in
-8

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
17

3
1.

01
 (0

.9
2–

1.
12

)

In
te

rle
uk

in
-1

0
Ai

si
ku

 2
01

6[
36

]
An

ti-
in

fla
m

m
at

or
y

17
4

1.
33

 (1
.0

0–
1.

76
)

In
te

rle
uk

in
-1

2p
70

Ai
si

ku
 2

01
6[

36
]

Pr
o-

in
fla

m
m

at
or

y
17

3
1.

52
 (1

.0
4–

2.
21

)

Ni
tr

ic
 o

xi
de

Ai
si

ku
 2

01
6[

36
]

Ox
id

at
iv

e 
in

ju
ry

17
2

1.
66

 (0
.7

0–
3.

97
)

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Ai

si
ku

 2
01

6[
36

]
Pr

o-
in

fla
m

m
at

or
y

17
4

1.
43

 (0
.9

7–
2.

14
)

 B
io

m
ar

ke
rs

 in
 B

AL
F

So
lu

bl
e 

tr
om

bo
m

od
ul

in
Su

zu
ki

 2
01

7[
63

]
En

do
th

el
ia

l i
nj

ur
y

68
7.

48
 (1

.6
0-

34
.9

8)

Ab
br

ev
ia

tio
ns

: C
PE

 ca
rd

io
pu

lm
on

ar
y 

eff
us

io
n,

 C
SF

 ce
re

br
os

pi
na

l f
lu

id
, B

AL
F 

br
on

ch
oa

lv
eo

la
r l

av
ag

e 
flu

id
, S

D 
st

an
da

rd
 d

ev
ia

tio
n.



2

Chapter 2 49

A systematic review of biomarkers multivariately associated with ARDS

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Ac
tiv

in
-A

Ki
m

 2
01

9[
85

]
Pr

o-
fib

ro
tic

97
2,

64
 (1

,0
4-

6,
70

)

An
gi

op
oi

et
in

-1
 / 

An
gi

op
oi

et
in

-2
 

ra
tio

O
ng

 2
01

0[
99

]
M

od
ul

at
es

 e
nd

ot
he

lia
l 

pe
rm

ea
bi

lit
y

24
5.

52
 (1

.2
2-

24
.9

)

An
gi

op
oi

et
in

-2
Ca

lfe
e 

20
12

[7
5]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
93

1
0.

92
 (0

.7
3–

1.
16

)
pe

r l
og

10
In

fe
ct

io
n-

re
la

te
d 

AL
I

An
gi

op
oi

et
in

-2
Ca

lfe
e 

20
12

[7
5]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
93

1
1.

94
 (1

.1
5–

3.
25

)
pe

r l
og

10
No

ni
nf

ec
tio

n-
re

la
te

d 
AL

I

An
gi

op
oi

et
in

-2
Ca

lfe
e 

20
15

[7
6]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
10

0
2.

54
 (1

.3
8-

4.
68

)
pe

r l
og

10
Si

ng
le

 ce
nt

re

An
gi

op
oi

et
in

-2
Ca

lfe
e 

20
15

[7
6]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
85

3
1.

43
 (1

.1
9-

1.
73

)
pe

r l
og

10
M

ul
tic

en
tr

e

An
gi

ot
en

si
n 

1-
9

Re
dd

y 
20

19
[1

04
]

Pr
o-

fib
ro

tic
39

2,
24

 (1
,1

5-
4,

39
)

Co
nc

en
tr

at
io

n 
do

ub
le

d 
(in

 L
n)

An
gi

ot
en

si
n 

1-
10

Re
dd

y 
20

19
[1

04
]

Pr
o-

fib
ro

tic
39

0,
36

 (0
,1

8-
0,

72
)

Co
nc

en
tr

at
io

n 
do

ub
le

d 
(in

 L
n)

An
gi

ot
en

si
n 

co
nv

er
tin

g 
en

zy
m

e
Ts

an
te

s 2
01

3[
11

0]
En

do
th

el
ia

l p
er

m
ea

bi
lit

y,
 p

ro
-

fib
ro

tic
69

1.
06

 (1
.0

2-
1.

10
)

pe
r 1

 u
ni

t i
nc

re
as

e
28

 d
ay

 m
or

ta
lit

y

An
gi

ot
en

si
n 

co
nv

er
tin

g 
en

zy
m

e
Ts

an
te

s 2
01

3[
11

0]
En

do
th

el
ia

l p
er

m
ea

bi
lit

y,
 p

ro
-

fib
ro

tic
69

1.
04

 (1
.0

1-
1.

07
)

pe
r 1

 u
ni

t i
nc

re
as

e
90

 d
ay

 m
or

ta
lit

y

NT
-p

ro
 B

ra
in

 n
at

riu
re

tic
 p

ep
tid

e
Ba

jw
a 

20
08

[7
0]

M
yo

ca
rd

ia
l s

tr
ai

n
17

7
2.

36
 (1

.1
1–

4.
99

)
≥6

81
3 

ng
/L

NT
- p

ro
 B

ra
in

 n
at

riu
re

tic
 p

ep
tid

e
Li

n 
20

12
[9

0]
M

yo
ca

rd
ia

l s
tr

ai
n

87
2.

18
 (1

.5
4-

4.
46

)
pe

r u
ni

t

Cl
ub

 ce
ll 

se
cr

et
or

y 
pr

ot
ei

n
Ca

rt
in

-C
eb

a 
20

15
[7

7]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

10
0

1.
09

 (0
.6

0-
2.

02
)

pe
r l

og
10

Cl
ub

 ce
ll 

se
cr

et
or

y 
pr

ot
ei

n
Le

su
r 2

00
6[

87
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
78

1.
37

 (1
.2

5-
1.

83
)

In
cr

em
en

ts
 o

f 0
.5

Co
pe

pt
in

Li
n 

20
12

[9
0]

O
sm

o-
re

gu
la

to
ry

87
4.

72
 (2

.4
8-

7.
16

)
pe

r u
ni

t

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ad
am

zi
k 

20
13

[6
9]

In
fla

m
m

at
io

n
47

1.
01

 (0
.9

–1
.1

)
pe

r l
og

10

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ba
jw

a 
20

09
[7

1]
In

fla
m

m
at

io
n

17
7

0.
67

 (0
.5

2–
0.

87
)

pe
r l

og
10

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Li
n 

20
10

[8
9]

In
fla

m
m

at
io

n
63

2.
31

6 
(0

.6
52

 - 
8.

22
6)



50 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n 

(c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

C 
re

ac
tiv

e 
pr

ot
ei

n 
(C

RP
)

Ts
en

g 
20

14
[3

0]
In

fla
m

m
at

io
n

56
1.

26
5 

(0
.7

98
-2

.0
05

)
Da

y 
3

D-
di

m
er

Ts
en

g 
20

14
[3

0]
Co

ag
ul

at
io

n
56

1.
21

1 
(0

.8
18

-1
.7

93
)

De
co

y 
re

ce
pt

or
 3

Ch
en

 2
00

9[
78

]
Im

m
un

om
od

ul
at

io
n

59
4.

02
 (1

.2
0–

13
.5

2)
＞

1 
ng

/m
l

Va
lid

at
io

n 
co

ho
rt

En
do

ca
n

Ta
ng

 2
01

4[
10

7]
Le

uk
oc

yt
e 

ad
he

si
on

 in
hi

bi
tio

n
42

1.
37

4 
(1

.1
50

-1
.6

41
)

> 
4.

96
 n

g/
m

L

En
do

ca
n

Ts
an

ga
ris

 2
01

7[
10

9]
Le

uk
oc

yt
e 

ad
he

si
on

 in
hi

bi
tio

n
53

3.
36

 (0
.7

4-
15

.3
1)

> 
13

 n
g/

m
L

Ga
le

ct
in

 3
Xu

 2
01

7[
11

3]
Pr

o-
fib

ro
tic

63
1.

00
2 

(0
.9

78
-1

.0
29

)
pe

r 1
ng

/m
L

Gr
an

ul
oc

yt
e 

co
lo

ny
 st

im
ul

at
in

g 
fa

ct
or

Su
ra

tt 
20

09
[1

06
]

In
fla

m
m

at
io

n
64

5
1.

70
 (1

.0
6-

2.
75

)
Q

ua
rt

ile
 4

 v
s.

 Q
ua

rt
ile

 2

Gr
ow

th
 d

iff
er

en
tia

tio
n 

fa
ct

or
-1

5
Cl

ar
k 

20
13

[8
0]

Pr
o-

fib
ro

tic
40

0
2.

86
 (1

.8
4-

4.
54

)
pe

r l
og

10

He
pa

rin
 b

in
di

ng
 p

ro
te

in
Li

n 
20

13
[9

1]
In

fla
m

m
at

io
n,

 e
nd

ot
he

lia
l 

pe
rm

ea
bi

lit
y

78
1.

52
 (1

.1
2-

2.
85

)
pe

r l
og

10

Hi
gh

 m
ob

ili
ty

 g
ro

up
 p

ro
te

in
 B

1
Ts

en
g 

20
14

[3
0]

Pr
o-

in
fla

m
m

at
or

y
56

1.
00

2 
(1

.0
00

-1
.0

04
)

Da
y 

1

Hi
gh

 m
ob

ili
ty

 g
ro

up
 p

ro
te

in
 B

1
Ts

en
g 

20
14

[3
0]

Pr
o-

in
fla

m
m

at
or

y
56

0.
99

0 
(0

.9
68

-1
.0

13
)

Da
y 

3

In
su

lin
 li

ke
 g

ro
w

th
 fa

ct
or

Ah
as

ic
 2

01
2[

35
]

Pr
o-

fib
ro

tic
17

5
0.

70
 (0

.5
1–

0.
95

)
pe

r l
og

10

IG
F 

Bi
nd

in
g 

pr
ot

ei
n 

3
Ah

as
ic

 2
01

2[
35

]
Pr

o-
fib

ro
tic

17
5

0.
69

 (0
.5

0–
0.

94
)

pe
r l

og
10

In
te

rc
el

lu
la

r a
dh

es
io

n 
m

ol
ec

ul
e-

1
Ca

lfe
e 

20
09

[7
3]

Pr
o-

in
fla

m
m

at
or

y
77

8
1.

22
 (0

.9
9–

1.
49

)
pe

r l
og

10

In
te

rc
el

lu
la

r a
dh

es
io

n 
m

ol
ec

ul
e-

1
Ca

lfe
e 

20
11

[7
4]

Pr
o-

in
fla

m
m

at
or

y
54

7
0.

74
 (0

.5
9–

0.
95

)
pe

r n
at

ur
al

 lo
g

In
te

rc
el

lu
la

r a
dh

es
io

n 
m

ol
ec

ul
e-

1
M

cC
lin

to
ck

 2
00

8[
95

]
Pr

o-
in

fla
m

m
at

or
y

50
5.

8 
(1

.1
-3

0.
0)

pe
r n

at
ur

al
 lo

g

In
te

rle
uk

in
-1

 b
et

a
Li

n 
20

10
[8

9]
Pr

o-
in

fla
m

m
at

or
y

63
1.

35
5 

(0
.3

57
-5

.1
40

)
pe

r l
og

 1
0

In
te

rle
uk

in
-6

Ca
lfe

e 
20

15
[7

6]
Pr

o-
in

fla
m

m
at

or
y

10
0

1.
81

 (1
.3

4-
2.

45
)

pe
r l

og
10

Si
ng

le
 ce

nt
re

In
te

rle
uk

in
-6

Ca
lfe

e 
20

15
[7

6]
Pr

o-
in

fla
m

m
at

or
y

85
3

1.
24

 (1
.1

4-
1.

35
)

pe
r l

og
10

M
ul

tic
en

tr
e

In
te

rle
uk

in
-6

Pa
rs

on
s 2

00
5[

10
1]

Pr
o-

in
fla

m
m

at
or

y
78

1
1.

18
 (0

.9
3-

1.
49

)
pe

r l
og

10

In
te

rle
uk

in
-8

Am
at

 2
00

0[
37

]
Pr

o-
in

fla
m

m
at

or
y

21
0.

09
 (0

.0
1-

1.
35

)
> 

15
0 

pg
/m

L

In
te

rle
uk

in
-8

Ca
lfe

e 
20

11
[7

4]
Pr

o-
in

fla
m

m
at

or
y

54
7

1.
36

 (1
.1

5–
1.

62
)

pe
r n

at
ur

al
 lo

g



2

Chapter 2 51

A systematic review of biomarkers multivariately associated with ARDS

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n 

(c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

In
te

rle
uk

in
-8

Ca
lfe

e 
20

15
[7

6]
Pr

o-
in

fla
m

m
at

or
y

10
0

1.
65

 (1
.2

5-
2.

17
)

pe
r l

og
10

Si
ng

le
 ce

nt
re

In
te

rle
uk

in
-8

Ca
lfe

e 
20

15
[7

6]
Pr

o-
in

fla
m

m
at

or
y

85
3

1.
41

 (1
.2

7-
1.

57
)

pe
r l

og
10

M
ul

tic
en

tr
e

In
te

rle
uk

in
-8

Ca
rt

in
-C

eb
a 

20
15

[7
7]

Pr
o-

in
fla

m
m

at
or

y
10

0
1.

08
 (0

.7
2-

1.
61

)
pe

r l
og

10

In
te

rle
uk

in
-8

Li
n 

20
10

[8
9]

Pr
o-

in
fla

m
m

at
or

y
63

0.
93

5 
(0

.2
80

-3
.1

14
)

pe
r l

og
 1

0

In
te

rle
uk

in
-8

M
cC

lin
to

ck
 2

00
8[

95
]

Pr
o-

in
fla

m
m

at
or

y
50

2.
0 

(1
.1

-4
.0

)
pe

r n
at

ur
al

 lo
g

In
te

rle
uk

in
-8

Pa
rs

on
s 2

00
5[

10
1]

Pr
o-

in
fla

m
m

at
or

y
78

0
1.

73
 (1

.2
8-

2.
34

)
pe

r l
og

10

In
te

rle
uk

in
-8

Ts
en

g 
20

14
[3

0]
Pr

o-
in

fla
m

m
at

or
y

56
1.

03
9 

(0
.9

55
-1

.1
30

)
Da

y 
1

In
te

rle
uk

in
-8

Ts
en

g 
20

14
[3

0]
Pr

o-
in

fla
m

m
at

or
y

56
1.

07
5 

(0
.9

40
-1

.2
29

)
Da

y 
3

In
te

rle
uk

in
-1

0
Pa

rs
on

s 2
00

5[
10

1]
An

ti-
in

fla
m

m
at

or
y

59
3

1.
23

 (0
.8

6-
1.

76
)

pe
r l

og
10

In
te

rle
uk

in
-1

8
Do

lin
ay

 2
01

2[
25

]
Pr

o-
in

fla
m

m
at

or
y

28
1.

60
 (1

.1
7-

2.
20

)
pe

r 5
00

pg
/m

L 
in

cr
ea

se

In
te

rle
uk

in
-1

8
Ro

ge
rs

 2
01

9[
26

]
Pr

o-
in

fla
m

m
at

or
y

68
3

2,
2 

(1
,5

-3
,1

)
≥ 

80
0 

pg
/m

L

Le
uk

oc
yt

e 
m

ic
ro

 p
ar

tic
le

s
Gu

er
vi

lly
 2

01
1[

84
]

Im
m

un
om

od
ul

at
io

n
52

5.
26

 (1
.1

0 
- 2

4.
99

)
< 

60
 e

le
m

en
ts

 / 
µL

Le
uk

ot
rie

ne
 B

4
Am

at
 2

00
0[

37
]

Pr
o-

in
fla

m
m

at
or

y
21

22
.5

 (1
.1

- 4
60

.5
)

> 
14

 p
m

ol
/m

L

Ne
ut

ro
ph

il 
el

as
ta

se
W

an
g 

20
17

[3
1]

Pr
o-

in
fla

m
m

at
or

y
16

7
1.

76
 (p

-v
al

ue
 0

.0
02

)
1 

SD
 ch

an
ge

Da
y 

1

Ne
ut

ro
ph

il 
el

as
ta

se
W

an
g 

20
17

[3
1]

Pr
o-

in
fla

m
m

at
or

y
16

7
1.

58
 (p

-v
al

ue
 0

.0
6)

1 
SD

 ch
an

ge
Da

y 
3

Ne
ut

ro
ph

il 
el

as
ta

se
W

an
g 

20
17

[3
1]

Pr
o-

in
fla

m
m

at
or

y
16

7
1.

70
 (p

-v
al

ue
 0

.0
01

)
1 

SD
 ch

an
ge

Da
y 

7

Ne
ut

ro
ph

il 
to

 ly
m

ph
oc

yt
e 

ra
tio

Li
 2

01
9[

88
]

Pr
o-

in
fla

m
m

at
or

y
22

4
5.

81
5 

(1
.8

24
 - 

18
.5

33
)

fir
st

 - 
fo

ur
th

 q
ua

rt
ile

Ne
ut

ro
ph

il 
to

 ly
m

ph
oc

yt
e 

ra
tio

W
an

g 
20

18
[1

11
]

Pr
o-

in
fla

m
m

at
or

y
24

7
1.

01
1 

(1
.0

04
- 1

.0
17

)
pe

r 1
%

 in
cr

ea
se

Ne
ut

ro
ph

il 
to

 ly
m

ph
oc

yt
e 

ra
tio

W
an

g 
20

18
[1

11
]

Pr
o-

in
fla

m
m

at
or

y
24

7
1.

53
2 

(1
.0

95
- 2

.1
43

)
>1

4

Nu
cl

ea
te

d 
re

d 
bl

oo
d 

ce
lls

M
en

k 
20

18
[9

6]
Er

yt
hr

oc
yt

e 
pr

og
en

ito
r c

el
l, 

pr
o-

in
fla

m
m

at
or

y
40

4
3.

21
 (1

.9
3-

 5
.3

5)
> 

22
0/

µL

Pe
pt

id
as

e 
in

hi
bi

to
r 3

W
an

g 
20

17
[3

1]
An

ti-
in

fla
m

m
at

or
y

16
7

0.
50

 (p
-v

al
ue

 0
.0

03
)

1 
SD

 ch
an

ge
Da

y 
1

Pe
pt

id
as

e 
in

hi
bi

to
r 3

W
an

g 
20

17
[3

1]
An

ti-
in

fla
m

m
at

or
y

16
7

0.
43

 (p
-v

al
ue

 0
.0

01
)

1 
SD

 ch
an

ge
Da

y 
3



52 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n 

(c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Pe
pt

id
as

e 
in

hi
bi

to
r 3

W
an

g 
20

17
[3

1]
An

ti-
in

fla
m

m
at

or
y

16
7

0.
70

 (p
-v

al
ue

 0
.1

8)
1 

SD
 ch

an
ge

Da
y 

7

Pl
as

m
in

og
en

 a
ct

iv
at

or
 in

hi
bi

to
r 1

Ca
rt

in
-C

eb
a 

20
15

[7
7]

Co
ag

ul
at

io
n

10
0

0.
96

 (0
.6

2-
1.

47
)

pe
r l

og
10

Pl
as

m
in

og
en

 a
ct

iv
at

or
 in

hi
bi

to
r 

1 
(a

ct
iv

ity
)

Ts
an

ga
ris

 2
00

9[
10

8]
Co

ag
ul

at
io

n
52

1.
30

 (0
.8

4-
1.

99
)

pe
r 1

 u
ni

t i
nc

re
as

e

Pr
oc

al
ci

to
ni

n
Ad

am
zi

k 
20

13
[6

9]
In

fla
m

m
at

io
n

47
1.

01
 (0

.0
25

–1
.2

)
pe

r l
og

10

Pr
oc

al
ci

to
ni

n
Ra

hm
el

 2
01

8[
10

3]
In

fla
m

m
at

io
n

11
9

0.
99

9 
(0

.9
98

- 1
.0

01
)

Pr
ot

ei
n 

C
M

cC
lin

to
ck

 2
00

8[
95

]
Co

ag
ul

at
io

n
50

0.
5 

(0
.2

-1
.0

)
pe

r n
at

ur
al

 lo
g

Pr
ot

ei
n 

C
Ts

an
ga

ris
 2

01
7[

10
9]

Co
ag

ul
at

io
n

53
3.

58
 (0

.7
3-

15
.5

4)
< 

41
.5

 m
g/

dL

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ca

lfe
e 

20
08

[7
2]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
67

6
1.

41
(1

.1
2–

1.
78

)
pe

r l
og

10
Ti

da
l v

ol
um

e 
12

 
m

l/k
g

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ca

lfe
e 

20
08

[7
2]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
67

6
1.

03
 (0

.8
1–

1.
31

)
pe

r l
og

10
Ti

da
l v

ol
um

e 
6 

m
l/k

g

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ca

lfe
e 

20
15

[7
6]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
10

0
1.

98
 (1

.1
8-

3.
33

)
pe

r l
og

10
Si

ng
le

 ce
nt

re

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ca

lfe
e 

20
15

[7
6]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
85

3
1.

16
 (1

.0
03

-1
.3

4)
pe

r l
og

10
M

ul
tic

en
tr

e

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
Ca

rt
in

-C
eb

a 
20

15
[7

7]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

10
0

0.
81

 (0
.5

0-
1.

30
)

pe
r l

og
10

Re
ce

pt
or

 fo
r a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
M

ro
ze

k 
20

16
[9

8]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

11
9

3.
1 

(1
.1

-8
.9

)
-

So
lu

bl
e 

su
pp

re
ss

io
n 

of
 

tu
m

or
ig

en
ic

ity
-2

Ba
jw

a 
20

13
[3

2]
M

yo
ca

rd
ia

l s
tr

ai
n 

an
d 

in
fla

m
m

at
io

n
82

6
1.

47
 (0

.9
9–

2.
20

)
≥5

34
 n

g/
m

L 
(d

ay
 0

)
Da

y 
0

So
lu

bl
e 

su
pp

re
ss

io
n 

of
 

tu
m

or
ig

en
ic

ity
-2

Ba
jw

a 
20

13
[3

2]
M

yo
ca

rd
ia

l s
tr

ai
n 

an
d 

in
fla

m
m

at
io

n
82

6
2.

94
 (2

.0
0–

4.
33

)
≥2

96
 n

g/
m

L 
(d

ay
 3

)
Da

y 
3

So
lu

bl
e 

tr
ig

ge
rin

g 
re

ce
pt

or
 

ex
pr

es
se

d 
on

 m
ye

lo
id

 ce
lls

-1
Li

n 
20

10
[8

9]
Pr

o-
in

fla
m

m
at

or
y

63
6.

33
8 

(1
.6

07
 - 

24
.9

98
)

pe
r l

og
 1

0



2

Chapter 2 53

A systematic review of biomarkers multivariately associated with ARDS

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n 

(c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

Su
rfa

ct
an

t p
ro

te
in

-A
Ei

sn
er

 2
00

3[
81

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

56
5

0.
92

 (0
.6

8-
1.

27
)

pe
r 1

00
 n

g/
m

l i
nc

re
m

en
t

Su
rfa

ct
an

t p
ro

te
in

-D
Ca

lfe
e 

20
11

[7
4]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
54

7
1.

55
 (1

.2
7–

1.
88

)
pe

r n
at

ur
al

 lo
g

Su
rfa

ct
an

t p
ro

te
in

-D
Ca

lfe
e 

20
15

[7
6]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
10

0
1.

33
 (0

.8
2-

2.
14

)
pe

r l
og

10
Si

ng
le

 ce
nt

re

Su
rfa

ct
an

t p
ro

te
in

-D
Ca

lfe
e 

20
15

[7
6]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y
85

3
1.

09
 (0

.9
5-

1.
24

)
pe

r l
og

10
M

ul
tic

en
tr

e

Su
rfa

ct
an

t p
ro

te
in

-D
Ei

sn
er

 2
00

3[
81

]
Al

ve
ol

ar
 e

pi
th

el
ia

l i
nj

ur
y

56
5

1.
21

 (1
.0

8-
1.

35
)

pe
r 1

00
 n

g/
m

l i
nc

re
m

en
t

Th
ro

m
bi

n–
an

tit
hr

om
bi

n 
III

 
co

m
pl

ex
Ca

rt
in

-C
eb

a 
20

15
[7

7]
Co

ag
ul

at
io

n
10

0
1.

05
 (0

.5
3-

2.
05

)
pe

r l
og

10

Hi
gh

 se
ns

iti
vi

ty
 T

ro
po

ni
n 

I
M

et
ku

s 2
01

7[
97

]
M

yo
ca

rd
ia

l i
nj

ur
y

10
57

0.
94

 (0
.6

4-
 1

.3
9)

1s
t 5

th
 q

ui
nt

ile

Ca
rd

ia
c t

ro
po

ni
n 

T
Ri

va
ra

 2
01

2[
10

5]
M

yo
ca

rd
ia

l i
nj

ur
y

17
7

1.
44

 (1
.1

4-
1.

81
)

pe
r 1

ng
/m

L 
in

cr
ea

se

Tr
om

bo
m

od
ul

in
Sa

pr
u 

20
15

[3
3]

Co
ag

ul
at

io
n

44
9

2.
40

 (1
.5

2-
3.

83
)

pe
r l

og
10

Da
y 

0

Tr
om

bo
m

od
ul

in
Sa

pr
u 

20
15

[3
3]

Co
ag

ul
at

io
n

44
9

2.
80

 (1
.6

9-
4.

66
)

pe
r l

og
10

Da
y 

3

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r a
lp

ha
Li

n 
20

10
[8

9]
Pr

o-
in

fla
m

m
at

or
y

63
3.

69
1 

(0
.6

68
-2

0.
99

8)
pe

r l
og

 1
0

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r 
re

ce
pt

or
-1

Ca
lfe

e 
20

11
[7

4]
Pr

o-
in

fla
m

m
at

or
y

54
7

1.
58

 (1
.2

0–
2.

09
)

pe
r n

at
ur

al
 lo

g

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r 
re

ce
pt

or
-1

Pa
rs

on
s 2

00
5[

10
0]

Pr
o-

in
fla

m
m

at
or

y
56

2
5.

76
 (2

.6
3-

12
.6

)
pe

r l
og

10

Tu
m

ou
r n

ec
ro

si
s f

ac
to

r 
re

ce
pt

or
-2

Pa
rs

on
s 2

00
5[

10
0]

Pr
o-

in
fla

m
m

at
or

y
37

6
2.

58
 (1

.0
5-

6.
31

)
pe

r l
og

10

Ur
ic

 a
ci

d
Le

e 
20

19
[8

6]
An

tio
xi

da
nt

23
7

0,
54

9 
(0

,2
93

-1
,0

30
)

≥ 
3,

00
 m

g/
dL

Vo
n 

W
ill

eb
ra

nd
 fa

ct
or

Ca
lfe

e 
20

11
[7

4]
En

do
th

el
ia

l a
ct

iv
at

io
n,

 co
ag

ul
at

io
n

54
7

1.
57

 (1
.1

6–
 2

.1
2)

pe
r n

at
ur

al
 lo

g

Vo
n 

W
ill

eb
ra

nd
 fa

ct
or

Ca
lfe

e 
20

12
[7

5]
En

do
th

el
ia

l a
ct

iv
at

io
n,

 co
ag

ul
at

io
n

93
1

1.
51

 (1
.2

0–
1.

90
)

pe
r l

og
10

Vo
n 

W
ill

eb
ra

nd
 fa

ct
or

Ca
lfe

e 
20

15
[7

6]
En

do
th

el
ia

l a
ct

iv
at

io
n,

 co
ag

ul
at

io
n

85
3

1.
83

 (1
.4

6-
2.

30
)

pe
r l

og
10

M
ul

tic
en

tr
e

Vo
n 

W
ill

eb
ra

nd
 fa

ct
or

Ca
rt

in
-C

eb
a 

20
15

[7
7]

En
do

th
el

ia
l a

ct
iv

at
io

n,
 co

ag
ul

at
io

n
10

0
2.

93
 (0

.9
0-

10
.7

)
pe

r l
og

10

Vo
n 

W
ill

eb
ra

nd
 fa

ct
or

W
ar

e 
20

04
[1

12
]

En
do

th
el

ia
l a

ct
iv

at
io

n,
 co

ag
ul

at
io

n
55

9
1.

6 
(1

.4
 - 

2.
1)

pe
r S

D 
in

cr
em

en
t



54 Part I

Personalised treatment of ARDS based on biomarkers

Ta
bl

e 
4 

– 
Ri

sk
 ra

ti
os

 fo
r A

RD
S 

m
or

ta
lit

y 
in

 th
e 

AR
DS

 p
op

ul
at

io
n 

(c
on

tin
ue

d)

Bi
om

ar
ke

rs
 in

 p
la

sm
a

Re
fe

re
nc

e
Bi

om
ar

ke
r r

ol
e 

in
 A

RD
S

Sa
m

pl
e 

si
ze

Ri
sk

 ra
ti

o 
(9

5%
 C

I)
Cu

t o
ff

Co
m

m
en

t

 B
io

m
ar

ke
rs

 in
 B

AL
F

 
 

 
 

An
gi

op
oi

et
in

-2
Ts

an
ga

ris
 2

01
7[

10
9]

In
cr

ea
se

d 
en

do
th

el
ia

l p
er

m
ea

bi
lit

y
53

11
.1

8 
(1

.0
6-

11
7.

48
)

> 
70

5 
pg

/m
L

Fi
br

oc
yt

e 
pe

rc
en

ta
ge

Q
ue

sn
el

 2
01

2[
10

2]
Pr

o-
fib

ro
tic

92
6.

15
 (2

.7
8-

13
.6

4)
>6

%

Pl
as

m
in

og
en

 a
ct

iv
at

or
 in

hi
bi

to
r 

1 
(a

ct
iv

ity
)

Ts
an

ga
ris

 2
00

9[
10

8]
Co

ag
ul

at
io

n
52

0.
37

 (0
.0

6-
2.

35
)

pe
r 1

 u
ni

t i
nc

re
as

e

Pr
oc

ol
la

ge
n 

III
Cl

ar
k 

19
95

[7
9]

Pr
o-

fib
ro

tic
11

7
3.

6 
(1

.2
-1

0.
7)

≥1
.7

5 
U/

m
L

Pr
oc

ol
la

ge
n 

III
Fo

re
l 2

01
5[

82
]

Pr
o-

fib
ro

tic
51

5.
02

 (2
.0

6–
12

.2
5)

≥9
 µ

g/
L

Tr
an

sf
or

m
in

g 
gr

ow
th

 fa
ct

or
 a

lp
ha

M
ad

te
s 1

99
8[

92
]

Pr
o-

fib
ro

tic
74

2.
3 

(0
.7

- 7
.0

)
> 

1.
08

 p
g/

m
L

Tr
an

sf
or

m
in

g 
gr

ow
th

 fa
ct

or
 

be
ta

 1
Fo

re
l 2

01
8[

83
]

Pr
o-

fib
ro

tic
62

1,
00

3 
(0

,9
86

-1
,0

19
)

T 
re

gu
la

to
ry

 ce
ll/

CD
4+

 
ly

m
ph

oc
yt

e 
ra

tio
Ad

am
zi

k 
20

13
[6

9]
Im

m
un

om
od

ul
at

io
n

47
6.

5 
(1

.7
–2

5)
≥7

.4
 %

 B
io

m
ar

ke
rs

 in
 u

ri
ne

 
 

 
 

De
sm

os
in

e-
to

-c
re

at
in

in
e 

ra
tio

M
cC

lin
to

ck
 2

00
6[

93
]

Al
ve

ol
ar

 e
pi

th
el

ia
l i

nj
ur

y 
(e

la
st

in
 

br
ea

kd
ow

n)
57

9
1.

36
 (1

.0
2-

1.
82

)
pe

r l
og

10

Ni
tr

ic
 o

xi
de

M
cC

lin
to

ck
 2

00
7[

94
]

Ox
id

at
iv

e 
in

ju
ry

57
6

0.
33

 (0
.2

0-
0.

54
)

pe
r l

og
10

Ni
tr

ic
 o

xi
de

-to
-c

re
at

in
in

e 
ra

tio
M

cC
lin

to
ck

 2
00

7[
94

]
Ox

id
at

iv
e 

in
ju

ry
57

6
0.

43
 (0

.2
8-

0.
66

)
pe

r l
og

10

Ab
br

ev
ia

tio
ns

: A
LI

 a
cu

te
 lu

ng
 in

ju
ry

, B
AL

F 
br

on
ch

oa
lv

eo
la

r l
av

ag
e 

flu
id

, S
D 

st
an

da
rd

 d
ev

ia
tio

n.



2

Chapter 2 55

A systematic review of biomarkers multivariately associated with ARDS

DISCUSSION

In the current systematic review, we present a synopsis of biomarkers for ARDS develop-
ment and mortality tested in multivariate analyses. We did not perform a meta-analysis 
because of severe data heterogeneity between studies. Upon qualitative inspection, we 
found that high levels of Ang-2 and RAGE were associated with ARDS development in 
the at-risk population. None of the biomarkers assessed in four or more studies was 
associated with an increased mortality rate in all studies. The majority of plasma bio-
markers for both ARDS development and mortality are surrogates for inflammation in 
ARDS pathophysiology.

Previously Terpstra et al.[19] calculated univariate ORs from absolute biomarker con-
centrations and performed a meta-analysis. They found that 12 biomarkers in plasma 
were associated with mortality in patients with ARDS. However, a major limitation of 
their meta-analysis is that these biomarkers were tested in univariate analyses without 
considering confounders as disease severity scores. Given the high univariate ORs as 
compared to the multivariate ORs found in this systematic review, the performance of 
these biomarkers is likely to be overestimated. Jabaudon et al.[23] found in an indi-
vidual patient data meta-analysis that high concentrations of plasma RAGE were associ-
ated with 90-day mortality independent of driving pressure or tidal volume. However, 
they could not correct for disease severity score as these differed between studies. 
Unfortunately, we were unable to perform a meta-analysis on multivariate data because 
of heterogeneity of the included studies, as transformation of raw data, biomarker 
concentration cut-offs, time until outcome and the variables used in the multivariate 
analyses varied widely between studies. This could be an incentive to standardize the 
presentation of ARDS biomarker research in terms of statistics and outcome for future 
analyses or to make individual patient data accessible.

ARDS biomarkers are presumed to reflect the pathophysiology of ARDS, characterized by 
alveolar-capillary membrane injury, high permeability alveolar oedema, and migration 
of inflammatory cells.[3] Previously, Terpstra et al.[19] proposed that biomarkers for 
ARDS development were correlated with alveolar tissue injury, whereas biomarkers for 
ARDS mortality correlated more with inflammation. In this systematic review, we found 
that the majority of biomarkers tested for both ARDS development and mortality were 
surrogates for inflammation. However, following qualitative inspection, biomarkers for 
inflammation were not evidently associated with either ARDS development or mortality. 
In contrast, markers for alveolar epithelial injury (plasma RAGE and SpD) and endothelial 
permeability (plasma Ang-2), seem to be associated with ARDS development. Therefore, 
we should consider how we intend to use (a set of) biomarkers in patients with ARDS.



56 Part I

Personalised treatment of ARDS based on biomarkers

A biomarker for ARDS development should be specific for ARDS, i.e. a biomarker that 
reflects alveolar injury or alveolar-capillary injury. Half of plasma biomarkers for ARDS 
development included in this study reflected inflammation. An increase in inflammatory 
biomarkers is known to correlate with increased disease severity scores.[24-26] In turn, 
the majority of studies in this review found significantly higher disease severity scores 
in the critically ill patients that eventually developed ARDS. Thus, plasma biomarkers 
for inflammation rather represented an estimation of disease severity and its associated 
increased risk for the development of ARDS. In addition, biomarkers for inflammation 
in plasma lack the specificity to diagnose ARDS, as they are unlikely to differentiate 
sepsis with ARDS from sepsis without ARDS. In contrast, locally sampled biomarkers for 
inflammation, for example in the alveolar space, could potentially diagnose ARDS.[27] 
Biomarkers used for ARDS mortality or for the identification of less heterogeneous ARDS 
phenotypes do not require to be ARDS specific, provided that they adequately predict or 
stratify patients with ARDS.

The heterogeneity of ARDS has been recognized as a major contributor to the negative 
randomized controlled trial results among patients with ARDS.[11] Therefore, it is neces-
sary to identify homogeneous ARDS phenotypes that are more likely to respond to an 
intervention. This is known as predictive enrichment.[28] Previously patients with ARDS 
have been successfully stratified based on clinical parameters, such as ARDS risk factor 
(pulmonary or extra-pulmonary) or PaO2/FiO2 ratio.[29] ARDS biomarkers could be used 
to stratify patients with ARDS based on biological or pathophysiological phenotype. 
For example, trials of novel therapies designed to influence vascular permeability may 
benefit from preferentially enrolling patients with high Ang-2 concentrations. Recently, 
clinical parameters have been combined with a set of biomarkers in a retrospective 
latent class analysis. In three trials, two distinct phenotypes were found: hyperinflam-
matory and hypoinflammatory ARDS.[16, 17] Patients with the hyperinflammatory phe-
notype had reduced mortality rate with higher positive end-expiratory pressures and 
with liberal fluid treatment, whereas the trials themselves found no difference between 
the entire intervention groups. The next step is to validate the identification of ARDS 
phenotypes based on latent class analysis in prospective studies. An adequate com-
bination of biomarkers and clinical parameters remains to be established. Until now, 
there is no list of biomarkers that are associated with ARDS development or mortality 
independently of clinical parameters. This systematic review may guide the selection of 
ARDS biomarkers used for predictive enrichment.

This systematic review has limitations. First, the intent of this systematic review was 
to perform a meta-analysis. However, we decided not to perform a meta-analysis, as 
the biomarker data handling and outcomes varied widely among studies, and pooling 
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would have resulted in a non-informative estimate.[21] Arguably, this is a positive result, 
as it refrains us from focusing on the few biomarkers that could be pooled in a meta-
analysis and guides us into a direction were multiple biomarkers combined with other 
parameters are of interest. In a heterogeneous syndrome as ARDS, the one biomarker 
probably does not exist. Second, the first sampling moment varied between sampling at 
ICU admission until 72 hours following ICU admission. Initially, ARDS is characterized by 
an exudative phase followed by a second proliferative phase and late fibrotic phase.[3] 
The moment of sampling likely influences biomarker concentrations, as both alveolar 
membrane injury and inflammation increase during the exudative phase. This is also 
seen in six biomarkers that have been measured at separate days, resulting in a signifi-
cant change in adjusted OR for four biomarkers (Table 4).[30-33] Third, the aim of this 
systematic review was to assess the independent risk effects of biomarkers measured 
in various bodily fluid compartments. However, the majority of studies assessed bio-
markers in plasma. It remains to be answered whether other bodily fluid compartments, 
for example from the airways and alveolar space themselves, might outperform ARDS 
biomarkers in plasma, especially for ARDS development. Fourth, all studies found in 
this systematic review used a clinical definition of ARDS as standard for ARDS diagnosis. 
Given the poor correlation between a clinical diagnosis and a histopathological diagno-
sis of ARDS, these studies are diagnosing a very heterogeneous disease syndrome.[7-10] 
In order to actually evaluate ARDS development, biomarkers should be compared to a 
histopathological image of DAD, although acquiring histology poses great challenges by 
itself. Fifth, as only biomarkers assessed in multivariate analyses were included in this 
study, new promising biomarkers evaluated in univariate analyses were excluded from 
this study. Lastly, non-significant biomarkers in multivariate analyses were more likely 
not to be reported, although some studies report non-significant results nonetheless.

CONCLUSION

In here, we present a list of biomarkers for ARDS mortality and ARDS development 
tested in multivariate analyses. In multiple studies that assessed Ang-2 and RAGE, high 
plasma levels were associated with an increased risk of ARDS development. We did not 
find a biomarker that independently predicted mortality in all studies that assessed the 
biomarker. Furthermore, biomarker data reporting and variables used in multivariate 
analyses differed greatly between studies. Taken together, we should look for a combi-
nation of biomarkers and clinical parameters in a structured approach in order to find 
more homogeneous ARDS phenotypes. This systematic review may guide the selection 
of ARDS biomarkers for ARDS phenotyping.
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LIST OF ABBREVIATIONS:

AECC American European Consensus Conference
Ang-2 angiopoeitin-2
ARDS acute respiratory distress syndrome
CRP C-reactive protein
DAD diffuse alveolar damage
IL-8 interleukin-8
NOS Newcastle-Ottawa Scale
OR odds ratio
RAGE receptor for advanced glycation end products
SpD surfactant protein-D
VWF Von Willebrand factor
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ADDITIONAL FILE 1

Supplement Literature search

Embase.com
(‘respiratory distress syndrome’/exp OR (‘respiratory distress’/de AND ‘acute disease’/
de) OR (((acute OR syndrom* OR adult* OR idiopath* ) NEAR/3 respirator* NEAR/3 dis-
tress*) OR ards):ab,ti) AND ((‘biological marker’/de OR marker/de OR ‘disease marker’/
de OR (marker* OR biomarker*):ab,ti) OR ((‘diagnostic value’/de OR ‘diagnostic ac-
curacy’/de OR ‘early diagnosis’/de OR ‘prognosis’/de OR ‘survival’/exp OR ‘mortality’/
de OR ‘fatality’/de OR ‘predictor variable’/de OR ‘prediction’/de OR ((diagnos* NEAR/3 
(value* OR earl* OR accurac* OR utilit*)) OR prognos* OR surviv* OR mortalit* OR fatal* 
OR predict* OR recogni*):ab,ti) AND (‘blood level’/de OR ‘cyclic AMP blood level’/exp 
OR ‘enzyme blood level’/exp OR ‘histamine blood level’/exp OR ‘protein blood level’/
exp OR ‘serotonin blood level’/exp OR ‘somatostatin blood level’/exp OR blood/de OR 
‘blood analysis’/de OR ‘lung lavage’/de OR ‘lavage fluid’/de OR ‘bronchoalveolar lavage 
fluid’/de OR ‘expired air’/de OR ‘breath analysis’/de OR ‘concentration (parameters)’/
de OR ‘blood sampling’/de OR (((blood OR plasma OR serum OR lavage OR expir* OR 
air OR exhal* OR breath ) NEAR/3 (level* OR concentration* OR profile* OR evaluat* OR 
mediator* OR sampl* OR analy* OR test*))):ab,ti))) NOT ([animals]/lim NOT [humans]/
lim) NOT ([Conference Abstract]/lim OR [Letter]/lim OR [Note]/lim OR [Editorial]/lim) 
AND [english]/lim

Medline Ovid
(Respiratory Distress Syndrome, Adult/ OR (((acute OR syndrom* OR adult* OR idiopath* 
) ADJ3 respirator* ADJ3 distress*) OR ards).ab,ti.) AND ((biomarker/ OR (marker* OR 
biomarker*).ab,ti.) OR ((Early Diagnosis/ OR prognosis/ OR survival/ OR mortality/ OR 
mortality.xs. OR Fatal Outcome/ OR ((diagnos* ADJ3 (value* OR earl* OR accurac* OR 
utilit*)) OR prognos* OR surviv* OR mortalit* OR fatal* OR predict* OR recogni*).ab,ti.) 
AND (blood.xs. OR blood/ OR exp Bronchoalveolar Lavage/ OR Breath Tests/ OR Blood 
Specimen Collection/ OR (((blood OR plasma OR serum OR lavage OR expir* OR air OR 
exhal* OR breath) ADJ3 (level* OR concentration* OR profile* OR evaluat* OR mediator* 
OR sampl* OR analy* OR test*))).ab,ti.))) NOT (exp animals/ NOT humans/) NOT (letter 
OR news OR comment OR editorial OR congresses OR abstracts).pt. AND english.la.

Cochrane CENTRAL 
((((acute OR syndrom* OR adult* OR idiopath* ) NEAR/3 respirator* NEAR/3 distress*) 
OR ards):ab,ti) AND (((marker* OR biomarker*):ab,ti) OR ((((diagnos* NEAR/3 (value* OR 
earl* OR accurac* OR utilit*)) OR prognos* OR surviv* OR mortalit* OR fatal* OR predict* 
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OR recogni*):ab,ti) AND ((((blood OR plasma OR serum OR lavage OR expir* OR air OR 
exhal* OR breath ) NEAR/3 (level* OR concentration* OR profile* OR evaluat* OR media-
tor* OR sampl* OR analy* OR test*))):ab,ti)))

Web of science
TS=(((((acute OR syndrom* OR adult* OR idiopath* ) NEAR/2 respirator* NEAR/2 dis-
tress*) OR ards)) AND (((marker* OR biomarker*)) OR ((((diagnos* NEAR/2 (value* OR 
earl* OR accurac* OR utilit*)) OR prognos* OR surviv* OR mortalit* OR fatal* OR predict* 
OR recogni*)) AND ((((blood OR plasma OR serum OR lavage OR expir* OR air OR exhal* 
OR breath ) NEAR/2 (level* OR concentration* OR profile* OR evaluat* OR mediator* OR 
sampl* OR analy* OR test*)))))) NOT ((animal* OR rat OR rats OR mouse OR mice OR 
murine OR dog OR dogs OR canine OR cat OR cats OR feline OR rabbit OR cow OR cows 
OR bovine OR rodent* OR sheep OR ovine OR pig OR swine OR porcine OR veterinar* 
OR chick* OR zebrafish* OR baboon* OR nonhuman* OR primate* OR cattle* OR goose 
OR geese OR duck OR macaque* OR avian* OR bird*) NOT (human* OR patient*))) AND 
DT=(article) AND LA=(english)

Google scholar
“acute|adult respiratory distress”|ards marker|markers|biomarker|biomarkers|”blood
|plasma|serum|lavage|air|breath level|concentration|profile|evaluation|analysis|test” 
“diagnostic value|accuracy|utility”|prognosis|survival|mortality|fatal|prediction
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Table E1 – Newcastle Ottawa Scale for Development of ARDS
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1 Agrawal 2013[1] * * * - ** * * * 8

2 Ahasic 2012[2] * - * - ** * * * 7

3 Aisiku 2016[3] - * * - ** * * * 7

4 Amat 2000[4] * * * - * * * - 6

5 Bai 2017[5] - * * - ** * * * 7

5 Bai 2017[5] - * * - ** * * * 7

6 Bai 2018[6] * * * - * * * * 7

7 Chen 2019[7] * * - - ** * - * 6

8 Du 2016[8] * * * * * * * * 8

9 Faust 2020[9] * * * - ** * * * 8

9 Faust 2020[9] * * * - ** * * * 8

10 Fremont 2010[10] * * * - * * * * 7

11 Gaudet 2018[11] * * * - * * * - 6

12 Hendrickson 2018[12] * * * - ** * * - 7

13 Huang 2019[13] * * * - ** * * * 8

14 Huang 2019[14] - * * - ** * * * 7

15 Jabaudon 2018[15] * * * - ** * * * 8

16 Jensen 2016[16] * * * - ** * * * 8

17 Jones 2020[17] * * * - ** * * - 7

17 Jones 2020[17] * - - - ** * * - 6

18 Komiya 2011[18] * - - - * * - * 4

19 Lee 2011[19] * * * - * * * - 6

20 Lin 2017[20] * * * - ** * * * 8

21 Liu 2017[21] * * * - ** * * - 7

22 Luo 2017[22] * * * * ** * * * 9

23 Meyer 2017[23] * * * - ** * * * 8

24 Mikkelsen 2012[24] * - * - ** * * * 7

25 Osaka 2011[25] - * * - * * * * 6

26 Palakshappa 2016[26] * * * - ** * * * 8

27 Reilly 2018[27] * * * - ** * * - 7

28 Shashaty 2019[28] * - * - ** * * - 6

28 Shashaty 2019[28] * - * - ** * * - 6

29 Shaver 2017[29] * * * * ** * * * 9
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Table E1 – Newcastle Ottawa Scale for Development of ARDS (continued)
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30 Suzuki 2017[30] - * * - * * * * 6

31 Wang 2019[31] * * * - ** * * - 7

32 Ware 2017[32] * * * * * * * - 7

33 Xu 2018[33] * * * - ** * * * 8

34 Yeh 2017[34] * * * - ** * * * 8

35 Ying 2019[35] * * * - ** * * * 8

Selection representativeness: patients without pre-defined subgroups; selection non-exposed cohort: cohort of patients 
at-risk for ARDS without selection out of a larger cohort; ascertainment of exposure: cohort study (not case-control); out-
come not present: PaO2/FiO2 ratio presented; comparability: ** variables in multivariate analysis described, * multivariate 
analysis without description of variables; follow-up duration: at least 7 days, follow-up adequacy: reported no loss to 
follow-up or missing biomarker values.
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Table E2 – Newcastle Ottawa Scale for ARDS Mortality
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1 Adamzik 2013[36] * * * * ** * * * 9

2 Ahasic 2012[2] * * - * * * * * 7

3 Amat 2000[4] * * * * * * * - 7

4 Bajwa 2008[37] * * - * ** * * - 8

5 Bajwa 2009[38] * * - * ** * * - 8

6 Bajwa 2013[39] * * * * ** - * - 7

7 Calfee 2008[40] * * * * ** - * - 7

8 Calfee 2009[41] * * * * ** * * - 8

9 Calfee 2011[42] * * * * ** * * - 8

10 Calfee 2012[43] - * * * ** * * - 7

11 Calfee 2015[44] Single centre * * * * ** * - - 7

11 Calfee 2015[44] Multi centre * * * * ** * * - 8

12 Cartin-Ceba 2015[45] * * * * ** * - - 7

13 Chen 2009[46] Validation cohort * * * * ** * * * 9

14 Clark 1995[47] * * * * ** * - - 7

15 Clark 2013[48] * * * * * * * - 7

16 Dolinay 2012[49] * - - * ** * - * 6

17 Eisner 2003[50] * * * * ** * * - 8

18 Forel 2015[51] * * * * ** * - * 8

19 Forel 2018[52] * * - * ** * * * 8

20 Guervilly 2011[53] * * * * * * * * 8

21 Kim 2019[54] * * * * ** * * * 9

22 Lee 2019[55] * * - * ** * * * 8

23 Lesur 2006[56] * * * * ** * * * 9

24 Li 2018[57] * * * * ** * * - 8

25 Lin 2010[58] * * - * ** * * * 8

26 Lin 2012[59] * * * * ** * * * 9

27 Lin 2013[60] * * * * ** * * * 9

28 Madtes 1998[61] * * * * * * - - 6

29 McClintock 2006[62] * * - * * * - - 5

30 McClintock 2007[63] * * * * ** * - - 7
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Table E2 – Newcastle Ottawa Scale for ARDS Mortality (continued)
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31 McClintock 2008[64] * * * * ** * - * 8

32 Menk 2018[65] * * * * ** * - - 7

33 Metkus 2017[66] * * * * * * * - 7

34 Mrozek 2016[67] * * * * ** * * * 9

35 Ong 2010[68] - * * * ** * * * 8

36 Parsons 2005[69] * * - * ** * * - 7

37 Parsons 2005[70] * * * * ** * * - 8

38 Quesnel 2012[71] * * * * ** * * * 9

39 Rahmel 2018[72] * * * * ** * * * 9

40 Reddy 2019[73] * * * * * * * * 8

41 Rivara 2012[74] * * - * ** * * * 8

42 Rogers 2019[75] * - * * ** * * - 7

43 Sapru 2015[76] * * - * ** * * - 7

44 Suratt 2009[77] * * * * * * - - 6

45 Tang 2014[78] * * * * ** * - * 8

46 Tsangaris 2009[79] * * - * ** * * * 8

47 Tsangaris 2017[80] - * - * ** * * * 7

48 Tsantes 2013[81] * * * * ** * * * 9

49 Tseng 2014[82] * * * * ** * - * 8

50 Wang 2017[83] * * * * ** * * * 9

51 Wang 2018[84] * * * * * * - * 7

52 Ware 2004[85] * * * * ** * - - 7

53 Xu 2017[86] * * * * ** * * * 9

Selection representativeness: patients with ARDS without pre-defined subgroups; selection non-exposed cohort: cohort 
of patients with ARDS without selection out of a larger cohort; ascertainment of exposure: PaO2/FiO2 ratio presented; out-
come not present: patient being alive upon inclusion; comparability: ** variables in multivariate analysis described, * mul-
tivariate analysis without description of variables; follow-up duration: at least 28 days, follow-up adequacy: reported no 
loss to follow-up or missing biomarker values.
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ABSTRACT

Stretching the alveolar epithelial type I (AT I) cells controls the intercellular signalling 
for the exocytosis of surfactant by the AT II cells through the extracellular release of 
adenosine triphosphate (ATP) (purinergic signalling). Extracellular ATP is cleared by 
extracellular ATPases, maintaining its homeostasis and enabling the lung to adapt the 
exocytosis of surfactant to the demand. Vigorous deformation of the AT I cells by high 
mechanical power ventilation causes a massive release of extracellular ATP beyond the 
clearance capacity of the extracellular ATPases. When extracellular ATP reaches levels 
>100 µM, the ATP receptors of the AT II cells become desensitized and surfactant im-
pairment is initiated. The resulting alteration in viscoelastic properties and in alveolar 
opening and collapse time-constants leads to alveolar collapse and the redistribution of 
inspired air from the alveoli to the alveolar ducts, which become pathologically dilated. 
The collapsed alveoli connected to these dilated alveolar ducts are subject to a massive 
strain, exacerbating the ATP release. After reaching concentrations >300 µM extracellular 
ATP acts as a danger-associated molecular pattern, causing capillary leakage, alveolar 
space oedema, and further deactivation of surfactant by serum proteins. Decreasing the 
tidal volume to 6 ml/kg or less at this stage cannot prevent further lung injury.

Keywords: extracellular ATP, purinergic signalling, P2X receptors, P2Y receptors, surfac-
tant dysfunction, ventilation-induced lung injury, innate immunity
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1. INTRODUCTION

In 1929, Lohmann discovered and isolated adenosine triphosphate (ATP) from liver and 
muscles.[1, 2] ATP is widely known as an intracellular molecule that is able to transfer 
energy and is indispensable in living cells.[3, 4] Much later, extracellular ATP was identi-
fied and appeared to have a different function than the intracellularly located molecule. 
The intercellular signalling function of extracellular ATP has been described by Felberg 
and Hebb in 1948 in perfused cervical superior ganglion of the cat [5] and by Holton in 
1959 in the sensory nerves of the rabbit ear.[6] In 1972 Burnstock wrote an article on the 
hypothesis of the purinergic co-transmission in neurons.[7] However, it took more than 
20 years before the intracellular energy source ATP was recognized as an extracellular 
signalling molecule.[8] Now ATP is established as an important element of purinergic 
signalling in almost all tissues and the immune system.[9]

It is well documented that potentially lifesaving mechanical ventilation may ironically 
damage the lungs and increase mortality risk in patients with acute respiratory distress 
syndrome (ARDS) by causing ventilation-induced lung injury (VILI) [10-13] and ARDS 
remains a serious clinical problem with mortality close to 40%.[14] Gattinoni, et al. (2016) 
found that it was not just the individual components of the mechanical breath (i.e., tidal 
volume, respiratory rate, driving pressure and positive end expiratory pressure — PEEP) 
that cause VILI but rather the mechanical power that the combination of these compo-
nents generate.[11] Using continuous mandatory ventilation (CMV—volume control 
ventilation) with a tidal volume of 38 mL/kg (corresponding to a strain of 2.5). Cressoni, 
et al. (2016) reported that, in piglets, lung injury cannot be provoked at a respiratory rate 
of ≤9 /min corresponding to a mechanical power of <12 J/min.[15] Mechanical power of 
the ventilator is calculated by a formula. Tidal volume, respiratory system elastance, in-
spiratory-to-expiratory time ratio, airway resistance, respiratory rate and PEEP are include 
in the equation of the formula.[11] High power mechanical ventilation is defined as any 
mechanical breath, which exceeds 12 J/min and corresponds to a mechanical ventilation 
settings with a tidal volume of >38 mL/kg ideal body weight and a respiratory rate of ≥12 /
min.[15] Reportedly, intratracheal administration of 400 µL of 5.16 mM ATP in rats leads to 
alveolar oedema [16] and intratracheal instillation of 50 µL of 100 mM ATP or 200 mM uri-
dine triphosphate (UTP) in mice leads to diffuse alveolar damage resembling the effect of 
high power mechanical ventilation.[17] Recently, we reported that injurious mechanical 
ventilation results in vigorous cyclic mechanical deformations of the alveolar epithelial 
cells resulting in massive release of extracellular ATP from the alveolar epithelial type I 
(AT I) cell [10]. The high levels of extracellular ATP activate a pro-inflammatory immune 
response of the innate immune system through purinergic signalling [18-20] which causes 
diffuse alveolar damage (DAD) [10, 17], the histopathology characteristic of VILI.[21]
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In this report, we centred on an important component of VILI: the impairment of the 
pulmonary surfactant function.[22, 23] Multiple mechanisms for VILI-induced surfactant 
impairment in the absence of infection have been reported: (1) increased pulmonary 
vascular permeability resulting in pulmonary oedema with high serum proteins. These 
serum proteins cause disaggregation and inactivation of surfactant [24], reducing 
the proportion of functional large aggregates (LAs) significantly in favour of the non-
functional small aggregates (SAs) [22, 23]; (2) High mechanical power ventilation may 
enhance the transport of alveolar surfactant into the airways.[25, 26] However, these 
explanations do not account for the mechanism of increased surfactant in the lung 
lavage in the first two hours during mechanical ventilation with high mechanical power.
[22, 27] Additionally, the pathogenesis of VILI suggests a mechanism other than capillary 
leak as the initiating event: High mechanical power ventilation in rats causes surfactant 
composition changes with surfactant function impairment within one hour and a fall 
in lung compliance occurs within two hours [22], whereas capillary leak causing overt 
alveolar oedema detected by a computed tomography (CT) scan does not develop for 
2–14 h [28] and histological evidence of alveolar oedema was not detected at two hours.
[29]

Therefore, we searched and studied the literature elaborately to find the explanation 
for the increased surfactant production and the development of surfactant impairment 
that precede the capillary leak, lung oedema and the pro-inflammatory response of the 
innate immune system.

2. EXTRACELLULAR RELEASE OF ATP BY AT I AND AT II CELLS AND 
CLEARANCE OF EXTRACELLULAR ATP

In contrast to the relatively high (3 to 10 mM) intracellular concentrations of ATP in 
epithelial cells [30] the concentration of extracellular ATP in the medium around the 
6HBE14o– human bronchial epithelial cells [31] and in resting conditions measured in 
a cell culture of rat AT II cells [32] is much lower at about 2 nM (Figure 1A). Mechani-
cal deformation (tonic or cyclic stretching) during ventilation of the AT I cells activates 
the mechanosensitive P2X7 ATP receptors (P2X7Rs) causing a controlled extracellular 
release of ATP molecules (Figure 1B).[32, 33] In this case the P2X7Rs function as an ATP 
release channel [34] rather than an intrinsic cation channel or an ATP receptor initiating 
intracellular signal transduction (P2Y2R and P2X4R in Figure 1B).

Extracellular ATP molecules are converted by ATP-converting ecto-enzymes or by soluble 
extracellular enzymes to adenosine (Figure 1A–C).[10, 18] The hydrolysing enzymes 
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are: Nucleoside triphosphate diphosphohydrolase 1 (NTPD1 or CD39, converts ATP to 
ADP and ADP to AMP), nucleotide pyrophosphatase/phosphodiesterase (NPP, converts 
ATP to AMP) and 5′-nucleotidase (5′-NT or CD73, converts AMP to adenosine). Soluble 
extracellular adenosine deaminase (ADA) converts a proportion of extracellular adenos-
ine to inosine. The remaining adenosine molecule enters the cells via the equilibrative 
nucleoside transporters (ENT1 and ENT2) and concentrative nucleoside transporters 
(CNT1 and CNT2). Intracellular adenosine is converted to inosine, hypoxanthine, and 
AMP by the enzymes ADA, purine nucleoside phosphorylase (PNP) and adenosine kinase 
(ADK). This process maintains the homeostasis of extracellular ATP in the alveolar walls 
(Figure 1A–C).[10, 18]

3. PURINERGIC SIGNALLING INCREASES THE AT II CYTOPLASMIC 
CA2+ LEVELS BY THE ENTRY OF EXTRACELLULAR CA2+ AND STORE-
OPERATED CA2+ ENTRY (SOCE)

The extent of the extracellular release of ATP molecules by cyclic stretching of the lung is 
proportional to the strain (equivalent to the tidal volume), frequency and duration of the 
ventilation.[32, 33] When the extracellular ATP concentrations reach the half maximum 
effective concentration (EC50) of 85 to 230 nM in human [35], ATP binds to and activates 
the P2Y2Rs at the AT II cell membranes (Figure 1B).[36] This facilitates the coupling of 
the Gq/11 molecule (comprising αi and βγ subunits) to the G protein-coupled receptor 
(GPCR) structure of the P2Y2Rs. In the basal state, the heteromeric Gq/11 subunits are 
indissoluble. After coupling to the GPCR, Gq/11 subunits are activated. The activated αi 
subunit releases a guanosine 5′-diphosphate (GDP) molecule and binds to a guanosine 
5′-triphosphate (GTP) molecule followed by the dissociation of the αi and βγ subunits 
initiating intracellular signal transduction.[37] The αi and βγ subunits activate phos-
pholipase C beta (PLC-β) to hydrolyse phosphatidylinositol 4,5-bisphosphate (PIP2) 
resulting in the formation of the second messengers diacylglycerol (DAG) and inositol 
triphosphate (IP3).[38] IP3 binds with the IP3 receptors (IP3Rs, a membrane-bound 
glycoprotein complex functioning as a Ca2+ channel sensitive to activation by IP3) caus-
ing the release of Ca2+ by the endoplasmic reticulum (ER). This process is referred to 
as store-operated Ca2+ entry (SOCE). IP3Rs are important calcium release channels of 
SOCE.[39] The ryanodine receptor (another important SOCE Ca2+ release channel in 
skeletal muscle, smooth muscle, and cardiac muscle) is not expressed in the lung tis-
sue.[40] SOCE causes Ca2+ store depletion that is sensed by the EF-hand and sterile α 
motif (EF-SAM) regions of Stromal interaction molecule 1 (STIM1, a calcium sensor). This 
information is transferred to activate the plasma membrane STIM1 Orai1-activating re-
gion/CRAC-activating domain (SOAR/CAD) regions through the cytoplasmic C-terminus 
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1 (CC1) regions of the STIM1 molecules located in the cytoplasm. Then the SOAR/CAD 
regions activate the calcium release-activated calcium channel protein 1 (Orai1) Ca2+ 
channels at the plasma membrane allowing extracellular Ca2+ molecules to enter the 
cytoplasm. STIM1 and Orai1 belong to the calcium release-activated calcium channel 
(CRAC) family (Figure 1B).[39]

Inward Ca2+ current is also generated though the mechanosensitive transient receptor 
potential cation channel subfamily V member 2 (TRPV2, a non-selective cation channel) 
during inspiration.[41] In addition, the Gqβγ subunits of the activated P2Y2Rs simulate 
(by a direct binding) the K+ selective inwardly rectifying channel 3 (Kir3) or G protein-
coupled inwardly-rectifying K+ channel 2 (GIRK2) expressed on the AT II cell membrane.
[37] Kir3 or GIRK2 is a mechanosensitive channel and can also be activated by mechanical 
deformation of the AT II cells (Figure 1B).[42] Moreover, activation of the P2Y2Rs and the 
P2X4Rs induces the volume-regulated anion current channel (VRAC). One of the major 
components of VRAC is the outwardly rectifying Cl– channel that is sensitive to protein 
kinase C (PKC) activation.[43, 44] DAG, phosphatidylserine (Ptd-Ser, a component of 
the AT II cell membrane) and Ca2+ are required for the activation of PKC. DAG strikingly 
increases the affinity of PKC for Ca2+.[45] PKC binds with Ca2+ exposing a binding site for 
Ptd-Ser of the inner part of the cell membrane leading to a redistribution of PKC from the 
cytosol to the cell membrane.[45] This promotes the trafficking of the lamellar bodies 
(LBs), docking hemifusion and fusion of the LB membrane with the plasma membrane 
of the AT II cell (Figure 2A).[46] After the development of a fusion pore, further pore 
expansion is accelerated by an additional elevation of cytoplasm Ca2+ levels resulting 
in the exocytosis of surfactant. It was first thought that the additional elevation in Ca2+ 
levels is achieved by extracellular ATP molecules that reach the P2X4Rs located at the 
LB membrane through the newly formed fusion pore.[47, 48] But recently, it appeared 
that the LBs of rat AT II cells contains a high ATP level of about 1.9 mM at a low pH of 
5.5.[49] ATP is transported from the cytosol to the LBs through the vesicular nucleotide 
transporter (VNUT) located on the LB membrane.[50, 51] P2X4Rs are inwardly rectifying 
cation (Na+ and Ca2+) channels located at the membrane of the LBs (Figure 1B).[49] At 
pH values lower than 7.4 [49] and at ATP concentrations >100 µM [52] the P2X4Rs are 
desensitized. Because the fusion pore connects the intravesicular space of the LBs with 
the extracellular space with a pH value of 7.4 and with low ATP concentrations, the intra-
vesicular pH increases to 7.4 and ATP is released from the LBs to the extracellular space. 
This causes the intravesicular ATP levels to fall from 1.9 mM to 1–5 µM and within the 
window of the effective concentrations of the P2X4Rs (as shown in in human embryonic 
kidney 293—HEK293—cells).[52] This renders the P2X4Rs to become resensitised to ATP 
stimulation allowing Ca2+ ions to enter the cytoplasm (Figure 1B).[52, 53]
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Figure 1.
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In addition, IP3 can be transported from AT II to other AT II cells, but direct communica-
tion between AT II cells can occur only by bridging the AT I cells that separate the AT II 
cells by means of tunnelling nanotubes (TNTs).[54] TNTs are long membrane projections 
with a diameter of 50 to 200 nM and a length of up to ~70 µM (the size of several cells).
[55] TNTs are capable of transporting signals, organelles, and viruses between AT II cells 
in the presence of connexin gap junction protein isoform 43 (Cx43).[54] Reportedly, both 
Cx43 and TNTs are expressed by the AT II cells [56] and intercellular communication 
through TNTs between alveolar AT II cells that express Cx43 can induce intercellular 
Ca2+ waves by the transmission of IP3 molecules.[54] This process and the activities of 
outwardly rectifying Cl– channels and G protein-coupled inwardly-rectifying K+ channels 
2 (GIRK2) reinforce the increase of AT II cytoplasmic Ca2+ levels through the paracrine 
stimulation of the P2Y2Rs by extracellular ATP and the autocrine stimulation of P2X4Rs 
by vesicular ATP (Figure 1B).

The time required for the LB fusion after the activation of the P2Y2Rs ranges from seconds 
to several minutes.[46] After the initial fusion pore has developed, a perivesicular F-actin 
coating is formed around the fused LBs (Figure 2A). This process is Ca2+-dependent.
[57] Despite the accelerated increase in cytoplasm Ca2+ levels, surfactant exocytosis is 
a relatively slow process (lasting several minutes to hours).[46, 58] The amount of the 
released surfactant by the AT II cells is proportional to the extracellular ATP levels.[32]

Schematic presentation of the regulation of surfactant exocytosis. For greater clarity, the high cytosolic adenosine tri-
phosphate (ATP) content is omitted in the figure. (A) Resting state of the alveolar epithelial type I (AT I) and AT II cells. (B) 
ATP-induced fusion- activated calcium-ion entry resulting in surfactant exocytosis. (C) Excessive extracellular ATP concen-
trations causing the impairment of surfactant exocytosis. See text for explanation. AT I: Alveolar epithelial type I cell; AT II: 
Alveolar epithelial type II cell; ER: Endoplasmic reticulum; LB: Lamellar body; P2Y2R and P2X4R: ATP receptors; Gq/11: G 
protein-coupled receptor molecules comprising αi and βγ subunits; PLC-β: Phospholipase C beta; PIP2: Phosphatidylino-
sitol 4,5-bisphosphate; IP3: Inositol triphosphate; IP3R: Inositol triphosphate receptor, a membrane bound glycoprotein 
complex functioning as a Ca2+ channel sensitive to activation by IP3; STIM1: Stromal interaction molecule 1, a calcium sen-
sor; Orai1: Calcium release-activated calcium channel protein 1, a calcium selective ion channel; TRPV2: Transient recep-
tor potential cation channel subfamily V member 2, a non- selective cation channel; Kir3: K+ selective inwardly rectifying 
channel 3 or GIRK2: G protein- coupled inwardly-rectifying K+ channel 2; DAG: diacylglycerol; PKC: protein kinase C; CD39: 
Nucleoside triphosphate diphosphohydrolase 1 (NTPD1); NPP: nucleotide pyrophosphatase/phosphodiesterase; CD73: 
5′-nucleotidase (5′-NT); ADA: adenosine deaminase; ENTs: Equilibrative nucleoside transporters 1 and 2; CNTs: Concen-
trative nucleoside transporters 1 and 2; FACE: fusion-activated Ca2+ entry; SERCA: sarcoplasmic/endoplasmic reticulum 
Ca2+ ATPase channel; PMCA: Plasma membrane Ca2+ ATPase channel. Figures extensively adapted from Hasan, et al. (2017) 
[10] (open access) with permission.
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4. FUSION OF LYSOSOMES AND LBS WITH THE PLASMA MEMBRANE 
PLAYS A ROLE IN THE REPAIR OF DAMAGED PLASMA MEMBRANE OF 
THE AT I AND AT II CELLS, RESPECTIVELY

Belete, et al. (2011) reported that the repair of damaged rat AT I cell monolayers by ap-
plying stretch assay or micro puncture assay is facilitated by the subsequent increase 
in extracellular ATP concentrations. At extracellular concentrations of about 10 µM 
ATP activates the P2Y2Rs causing the fusion of the membrane of lysosomes with the 
plasma membrane releasing the lysosomal-associated membrane protein 1 (LAMP-1) 
and replacing the damaged plasma membrane.[59] The application of apyrase (CD39) 
that converts ATP to ADP and AMP and after silencing of the expression of P2Y2Rs the 
plasma membrane repair rate are reduced significantly.[59] We think that similar repair 
process of the AT II plasma membrane may occur following the fusion of LBs with the 
plasma membrane.

5. FACE CAUSES A TRANS-EPITHELIAL TRANSPORT OF NA+, CA2+ 
AND WATER MOLECULES

Besides surfactant exocytosis, FACE causes a trans-epithelial transport of Na+ and Ca2+ 
molecules from the alveolar space through the P2X4Rs and the cytoplasm of the AT II 
cells to the sub-epithelial interstitial space. This is followed by a passive water resorp-
tion from the alveolar liquid lining to the sub-epithelial interstitial space (Figure 1B). 
Together with the transepithelial transport of Na+ (through the epithelial Na+ chan-
nel—ENaC) and Cl– (through the cystic fibrosis transmembrane conductance regulator—
CFTR) [68] FACE keeps the alveolar liquid lining as thin as 200 nM with a high density of 
surfactant phospholipid membranes.[48] The thin alveolar liquid lining promotes the 
contact between the highly organized multilayer surfactant LAs that are stored in the 
hypophase beneath the surface active monolayer interfacial film and the surfactant 
monolayer itself. This facilitates the adsorption of surfactant from the multilayer LAs to 
the surfactant monolayer film.[48] The surface active monolayer interfacial film forms 
the basis for an optimal diminution of the surface tension of the air-liquid interface in 
the alveolar space.[69]
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6. SURFACTANT REMODELLING IN THE ALVEOLAR SPACE

In the alveolar space, surfactant aggregates undergo a remodelling process forming LB-
like surfactant compositions and tubular myelin, a lattice-like arrangement of surfactant 
phospholipid molecules with SP-A and SP-B molecules. These highly organized multilayer 
surfactant LAs in the extracellular hypophase are thought to be indispensable during the 
ventilation-induced expansion (inflation) for the adsorption of the phospholipid mol-
ecules to the surface active monolayer film at the air-liquid interface (interface film layer) 
in the alveolar space.[69] SP-B and SP-C are indispensable for the adsorption process [70, 
71] and this process is followed by the spreading of the surfactant molecules in the inter-
face film layer.[69] Additionally, the transport of oxygen molecules in a water layer con-
taining SP-B and SP-C-mediated densely packed lipid membranes is significantly faster 
than through a pure water layer or a water layer with pure phospholipid membranes.[72]

At the beginning of the ventilation-induced compression (deflation) the surfactant 
molecules in the interface film are not densely packed and still have space to condense 
causing a rather steep drop in surface tension. Then as deflation progresses the interface 
monolayer becomes saturated with phospholipid molecules and starts to collapse form-
ing an inward [73, 74] or outward [75] buckling of surfactant bilayers. The outwardly 
buckled surfactant molecules form bilayer disks that rest above the monolayer.[75] 
These bilayer disks can either be reincorporated into the monolayer [75] or converted 
to non-functional SAs and lost into the alveolar space and airways.[26, 69] Similarly, 
part of the inwardly buckled surfactant bilayers may be reincorporated into the inter-
face monolayer during the adsorption process or may form new multilayer LAs in the 
hypophase or may be converted to non-functional SAs.[69]

7. SURFACTANT HOMEOSTASIS IN THE ALVEOLAR SPACE

About 10% of the total surfactant molecules is lost and replenished each hour.[69] A 
small proportion (7–15%) is cleared through the airways [25, 26, 69] presumably after 
the collapse of the interface monolayer through outward buckling [75] and 20% is 
cleared by macrophages promoted by GM-CSF (granulocyte-macrophage colony stimu-
lating factor).[69] A very small proportion of surfactant proteins can be detected in the 
blood [76], but the majority of the “spent” surfactant (about 65%) is taken up by the AT 
II cells through endocytosis to be recycled.[69] Under basal conditions, SA endocytosis 
is executed through a clathrin-independent pathway.[60] In contrast, in the presence of 
secretagogues such as extracellular ATP the uptake of SA is dependent on the clathrin 
pathway and on both extracellular SP-A and SP-D levels (Figure 2A).[60]
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Figure 2.

Schematic presentation of the surfactant homeostasis of the alveolar epithelial cells. (A) A perivesicular F-actin coating 
is formed around the fused LBs after the initial LB fusion pore has developed. Several types of fusion pore development 
are described [57]: (1) 80% of the F-actin- coated fused LBs release surfactant and the LB membrane becomes part of the 
plasma membrane (kiss-coat-and-release) followed by the disappearance of the F-actin coat; (2) 10% of the F-actin- coated 
fused LBs discontinued the fusion process and returned inside the cell (kiss-coat-and-run); (3) In the remaining F-actin-
coated LBs the fusion process was arrested for a certain time (<20 min) (kiss-coat-and-wait) [57]. The endocytosis of SAs 
occurs through a clathrin-dependent pathway [60] by the activation of several types of SP-A receptors [60-64] and a SP-D 
receptor [65]. The SP-D receptor is a GPR116, also known as Ig-Hepta that are highly expressed in the lung [65]. Besides 
SAs uptake, this process also inhibits the surfactant exocytosis and contributes to the control of extracellular surfactant 
homeostasis [60, 65]. (B) The activation of the pro-inflammatory response of the innate immune system through the acti-
vation of the P2X7Rs by extracellular ATP at >300 µM concentrations (ATP molecules at these concentrations act as DAMPs) 
leads to the recruitment and activation of neutrophils. The recruited and activated neutrophils cause the degradation of 
SP- D and SP-A leading to a deficiency of SP-D and SP-A [66, 67] preventing the clathrin-dependent recycling of the major-
ity of SAs and aborting the above-mentioned inhibition of the trafficking, semi-fusion and fusion of the LBs with the cell 
membrane. AT I: Alveolar epithelial type I cell; AT II: Alveolar epithelial type II cell; ER: Endoplasmic reticulum; LB: Lamellar 
body; MVB: multivesicular body; SP-A: Surfactant protein A; SP-D: Surfactant protein D; SAs: Surfactant small aggregates; 
LAs: Surfactant large aggregates; GPR116: G protein-coupled receptor 116; DAMPs: danger-associated molecular patterns.
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Several SP-A-binding proteins at the cell membrane of the AT II cells are reported: (1) 
SP-A receptors that bind to A2C and A2R monoclonal anti-idiotype antibodies (SPARs) 
[61]; (2) surfactant-binding protein BP55 [62]; (3) SP-A receptor with a 50-kD protein core 
that binds SP-A in a calcium-dependent manner not involving the mannose-binding 
region of SP-A [63]; (4) a 210-kDa SP-R210 [64]; (5) SP-A receptor that is identified as 
type II transmembrane protein p63 (CKAP4/p63).[60] Additionally, another receptor that 
is involved in SA endocytosis is reported: the GPR116 (Figure 2A).[65] GPR116 is also 
known as Ig-Hepta which has Ig-like repeats in the N-terminal extracellular domain and 
is highly expressed in the lung.[65] GPR116 is thought to be an orphan GPCR carrying an 
agonistic protein sequence (Stachel sequence) that functions as a tethered agonist after 
the removal or a structural change of the N-terminal from the C-terminal fragment of 
the Stachel sequence.[77] Recently, the activation of the GPR116 by synthetic peptides 
resembling the C-terminal fragment has been reported.[77] In addition, SP-D may func-
tion as a ligand activating the GPR116.[65] Increased SP-D levels in the alveolar liquid 
lining activate GPR116s. Thus SP-A and SP-D activate the clathrin-dependent ‘spent’ SA 
uptake and apparently inhibit the exocytosis of surfactant contributing to the control of 
extracellular surfactant homeostasis in the alveoli (Figure 2A).[60, 65]

8. CLEARANCE OF CA2+ IONS FROM THE CYTOPLASM

Clearance of the Ca2+ from the AT II cytoplasm occurs by re-entering the endoplasmic 
reticulum (ER) through sarcoplasmic/endoplasmic reticulum Ca2+ ATPase channels 
(SERCAs) that can transfer Ca2+ from the cytoplasm to the ER using energy from ATP 
hydrolysis [78, 79] and/or by leaving the cell through Plasma membrane Ca2+ ATPase 
channels (PMCAs) that are capable of transferring Ca2+ from the cytoplasm to the extra-
cellular space (Figure 1B).[80] Isoforms of both SERCA and PMCA are expressed in the 
lung.[78, 80] Under resting conditions, SERCA is bound to phospholamban (SERCA-PLB 
complex) and the ATPase activity is inhibited. Activation of SERCA-PLB complex occurs 
after the cytoplasm levels of Ca2+ reach micromolar concentration or after phosphoryla-
tion by PKC followed by a partial dissociation of PLB from SERCA.[81] In contrast, PMCA 
is active under resting conditions and is attenuated by activated STIM1 (Figure 1B).
[82] Restored Ca2+ ER levels terminate the stimulation of STIM1 allowing Ca2+ ions to 
be released to the extracellular space. Very high activity of PKC and GIRK2 causes the 
phosphorylation of the intracellular C-terminal tail of the P2Y2R GPCR molecules caus-
ing the ATP receptor to be desensitized (Figure 1B,C).[83, 84] GIRK2 can be inhibited by 
PLCβ through depletion of PIP2 and activation of PKC (Figure 1B).[42] These processes 
control the cytoplasmic Ca2+ levels.
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9. VENTILATION-INDUCED EXTRACELLULAR ATP: (1) 
INITIALLY INCREASES THE SURFACTANT RELEASE, (2) HALTS 
SURFACTANT RELEASE AND PLASMA MEMBRANE REPAIR AT 
>100 ΜM CONCENTRATIONS AND (3) TRIGGERS THE PRO-
INFLAMMATORY RESPONSE OF THE INNATE IMMUNITY AT >300 ΜM 
CONCENTRATIONS

Mechanical ventilation with high mechanical power (>12 J/min) causes vigorous cyclic 
deformation of the AT I and AT II cells followed by an increased release of extracellular ATP.
[10] This proportionally increases the release of surfactant [32] and explains the increase 
in LA levels in bronchoalveolar lavage fluids (BALFs) in the first hour during ventilation 
with high mechanical power.[22] Martinez, et al. (2004) confirmed the increase in sur-
factant exocytosis and increase in respiratory compliance in the first hour of ventilation 
with high mechanical power in new-born rats.[27] We postulate that after one hour the 
purinergic receptors of the surfactant release mechanism become desensitized (Figure 
1C). The mechanism for this desensitization could be explained if extracellular levels of 
ATP reached ≥100 µM: In-vitro exposure of rat glomerular mesangial cells P2Y2Rs to 100 
µM ATP during 2 min decreased the sensitivity to stimuli within 1 min. P2Y2Rs reached 
their maximum desensitization to stimuli within 2 to 4 min. Repetitive stimuli with an 
interval of 7 minutes led to increasingly weaker responses.[85] Desensitization of the 
P2Y2Rs occurs through two distinct mechanisms: (1) Phosphorylation of the intracellular 
C-terminal tail of the P2Y2R GPCR by GIRK2 or by PKC. This prevents the coupling of Gqα 
and GqβҮ subunits to the P2Y2R GPCR [84]; (2) Internalization of the P2Y2Rs rendering the 
receptor inaccessible to ATP binding through an unknown pathway.[86] In HEK293 cells 
desensitization of the P2X4Rs occurs faster within seconds after a stimulus with 100 µM 
ATP and being maximally desensitized within 30 to 60 s.[52] The mechanisms of desensi-
tization are: (1) Allosteric change of the P2X4R molecules decreasing the Ca2+ pore dimen-
sions [53]; (2) Internalization of the P2X4Rs regulated by Rab5 (a small Ras-like GTPase 5) 
that promote membrane invagination leading to the endocytosis of P2X4Rs through the 
clathrin pathway.[87] After desensitization, these receptors become unresponsive to ATP 
stimuli followed by the absence of cytoplasmic Ca2+ response to mechanical deformation 
of the AT I and AT II cell abolishing the surfactant exocytosis by the AT II cells. Therefore, 
extracellular ATP concentrations >100 µM desensitize the P2Y2Rs at the plasma mem-
brane of AT II cells and prevent the resensitization of the P2X4Rs in the membrane of LBs 
leading to the impairment of the surfactant release to the extracellular space. Diminishing 
surfactant exocytosis involves the disappearance of the FACE-induced trans-epithelial 
transport of Na+, Ca2+ and water molecules from the alveolar space to the interstitium 
(Figure 1B,C). Consequently, the thickness of the alveolar liquid lining increases, reduc-
ing the density of surfactant phospholipid membranes in the hypophase. This diminishes 
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the contact between both the highly organized multilayer surfactant LAs in the hypophase 
and the surface active monolayer interfacial film. Obviously, this process contributes to 
the impairment of surfactant function. We postulate that in addition to a halt in the fusion 
process of LBs with the plasma membrane of AT II cells, the fusion of lysosomes with the 
plasma membrane of AT I cells is also inhibited by the desensitization of the P2Y2Rs affect-
ing the capacity of the AT II and AT I cells to repair plasma membrane damage.

In addition, increasing extracellular ATP levels results in the up-regulation of the ecto-
enzymes and soluble extracellular ATP-converting enzymes CD39 and CD73 leading 
to a significant increase in extracellular adenosine levels.[88] However, the massive 
release of ATP in high mechanical power ventilation probably exceeds the capacity of 
these ATP-converting enzymes to convert ATP molecules. The effective extracellular ATP 
concentrations to activate the P2X7Rs (in JJ4 macrophage cells and in HEK cells express-
ing P2X7Rs) starts at about 300 to 1000 µM.[89] In contrast to the P2Y2Rs and P2X4Rs, 
the P2X7Rs are not subject to desensitization at millimolar or higher extracellular ATP 
concentrations.[89] P2X7Rs are located at the cell membranes of many immune cells en-
abling ATP molecules to act as danger associated molecular patterns (DAMPs) activating 
the pro-inflammatory response of the innate immune system.[10, 18-20] The recruited 
and activated neutrophils degrade the SP-D and SP-A molecules through a neutrophil 
serine protease-dependent cleavage and lead to a deficiency of SP-D and SP-A.[66, 67] 
This prevents the recycling of the majority of SAs (Figure 2B).[60, 65] Under nanomolar 
concentrations of extracellular ATP deficiency of SP-A and SP-D aborts the inhibition of 
the surfactant exocytosis (Figure 2A). However, at >100 µM extracellular ATP concentra-
tions the desensitization of the P2Y2Rs and P2X4Rs prevents surfactant release (Figure 
2B). The consequences at this stage are that there is a relative increase of non-functional 
SAs compared to functional LAs and a depletion of LAs in the alveolar space.

10. SURFACTANT DEACTIVATION DEVELOPS SIGNIFICANTLY 
BEFORE ALVEOLAR SPACE FLOODING CAUSED BY INCREASED 
CAPILLARY PERMEABILITY

As mentioned above, it is generally assumed that alveolar exudate of serum proteins 
explains the deactivation of surfactant function [24] and the development of overt lung 
oedema.[15] However, the group of Lachman (2017) reported that ventilation with 
high mechanical power for two hours in rats causes a steady increase in the serum C3a 
levels and a significant increase in lung weight, although the histology of the lung tis-
sue revealed characteristics of diffuse lung injury and a profound interstitial oedema 
they found very little alveolar oedema.[29] In addition, Cressoni, et al. (2015) found that 
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alveolar oedema as depicted by serial CT scanning as newly developed densities occurs 
not earlier than 2.1 to 14.7 h.[28]

We explain this phenomenon by the following consecutive processes: First, because 
cytokine levels in mice lung tissue homogenate do not increase earlier than one hour of 
mechanical ventilation [90] and because the serum complement C3a levels are increased 
after one hour of high power mechanical ventilation [29], we assume that it takes at 
more than one hour for the extracellular ATP to reach concentrations >300 µM required 
to activate the P2X7Rs of the immune cells and initiate the pro-inflammatory response of 
the innate immune system. Second, shortly after the activation of the pro-inflammatory 
response of the innate immunity, complement components are produced by many cells 
of the immune system. Induction of the activity of complement C5a and C3a in-vitro 
by moderate concentrations of zymosan (0.01 mg/mL) starts immediately and requires 
eight hours to reach the maximum level of activation.[91] The small complement frag-
ments C5a and C3a increase vascular permeability in rabbit skin causing capillary leak-
age of fluid leading to interstitial lung oedema.[92] Third, the tight junctions between 
alveolar epithelial cells in the lung (consisting of different types of claudins, zonula 
occludens-1, occludin, etc.) are an important barrier against exudate formation in the 
alveolar space [93] and claudin-4 and claudin-18 are expressed in the lung tissue [94]. 
Wray, et al. (2009) reported that the expression of claudin-4 is increased in the course 
of three hours of mechanical ventilation with a tidal volume of 20 mL/kg.[95] Fourth, 
the transcription, activation and extracellular release of IL-1β and the IL-1β -dependent 
production and activation of matrix metalloproteinase 9 (MMP-9) causing the degrada-
tion of the tight junctions proteins zonula occludens-1 and occludin requires additional 
time.[96] This also applies to the P2X7Rs induced-increase in GSK-3β (glycogen synthase 
kinase 3β) protein levels that reduce the claudin-18 protein levels.[94] Inhibition of the 
claudin-4 function results in marked increase in alveolar space oedema.[95]

Therefore, although the interstitial oedema caused by capillary leakage occurs imme-
diately after the initialization of the pro-inflammatory response of the innate immune 
system the breakdown of the tight junctions requires more time. This breakdown of 
the tight junctions enables the interstitial fluid to reach the alveolar space leading to 
alveolar oedema. This explains the observations that interstitial oedema precedes 
alveolar space flooding by hours [28, 29] and provides the evidence that surfactant 
function impairment that occurs at 2 hours after the initiation of high power mechani-
cal ventilation in rats [22] is not caused by the disaggregation of surfactant LAs by the 
extravasated serum containing serum proteins. This rather early surfactant impairment 
can be explained by the halted FACE-induced trans-epithelial transport of Na+, Ca2+ and 
water molecules as mentioned above.
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11. SURFACTANT IMPAIRMENT CAUSES CHANGES IN ALVEOLAR 
MECHANICS EXACERBATING THE RELEASE OF EXTRACELLULAR ATP

We postulate that the magnitude of the extracellular release of ATP molecules by the 
mechanical deformation of the alveolar epithelial cells during continuous mandatory 
ventilation with high tidal volumes and low respiratory rate is such that the capacity of 
the soluble and ecto-enzymes is sufficient to maintain the extracellular ATP within the 
concentration range of 85 nM to well below 100 µM. Increasing the respiratory rate to 
reach a mechanical power of >12 J/min boosts the extracellular ATP release beyond the 
capacity of the extracellular ATPases (CD39, NPP and CD73) to clear and the extracellular 
ATP levels gradually increase reaching >100 µM and >300 µM concentrations, resulting in 
surfactant impairment and VILI, respectively.[10, 17] Thus, the healthy lung with intact 
surfactant function can withstand a strain of 2.5 fairly well [15] as long as the extracel-
lular ATP levels remain below the levels that cause the desensitization of the P2Y2Rs and 
the PX4Rs.[52, 85]

Using a synchrotron refraction-enhanced computed tomography Sera, et al. (2013) 
showed that in the healthy murine lung inflation of the lung by increasing the airway 
pressure from 0 to 8 cm H2O changes the alveolar duct diameter and not the alveolar 
space dimensions. At higher airway pressures, the alveolar ducts diameter remains con-
stant and the alveolar space dimensions increase.[97] Therefore, despite the surfactant-
induced decrease in surface tension the alveoli require adequate pressure to increase 
their diameter.

In addition to pressure, time is required to inflate the alveoli.[98] This phenomenon is 
described as the viscoelastic properties of lung tissue by Suki and Bates.[99] The time 
and the pressure that are required to inflate the alveoli are proportional to the surface 
tension. The higher the alveolar surface tension the longer the time and the higher the 
airway pressure that is required for the alveoli to be inflated.[98, 99] After surfactant 
deactivation by saline lavage, a pressure of 40 cm H2O over a 2 second period is required 
to recruit 80% of collapsed alveoli and 40 s to recruit the remaining alveoli.[98] At lower 
pressures and shorter time intervals, alveoli are not recruited as tidal volume is redis-
tributed towards the alveolar ducts causing a tremendous enlargement of their size.
[100] The dramatic increase in the alveolar duct diameter can be explained by the fact 
that there are 480 million alveoli [101] and 5600 acinar airways including the alveolar 
ducts [102] with an alveolar : alveolar duct ratio of 2.9.[100] Redistribution of the tidal 
volume from the alveoli into the alveolar ducts results in extremely dilated alveolar 
ducts and pathologic stretching of the alveolar walls of the adjacent alveoli.[100]
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Moreover, alveoli are not only subject to the viscoelastic properties of the lung dur-
ing inflation, but also during deflation. Satalin, et al. (2016) reported in a surfactant-
deactivated lung that there is a lag time of 0.17 s before alveoli begin to collapse after 
the termination of the inspiratory phase. Furthermore, it takes 0.25 s before the alveoli 
fully collapse (Figure 3).[103] This study demonstrated that the very short expiratory 
duration using the time-controlled adaptive ventilation (TCAV) protocol (corresponding 
with the APRV75% group in Figure 4) is critical in normalizing air distribution within 
the alveoli and alveolar duct in a rat Tween-induced ARDS model and is supported the 
study by Kollisch-Singule, et al. (2014) and illustrated in Figure 4.[100] If the expira-
tory duration is longer than the alveolar collapse-time, these newly recruited alveoli 
will derecruit with each expiration (Figures 3 and 4); if set shorter than the alveolar 
collapse-time the alveoli will remain inflated during the brief expiration period (Figures 
3 and 4).[100] Thus, the TCAV protocol stabilizes alveoli by two mechanisms: pressure 
and time. Therefore, although ventilation with low mechanical power (<12 J/min) does 
not cause lung injury in healthy lung [15], ventilation with very low mechanical power 
corresponding with a tidal volume of 6 ml/kg ideal body weight is injurious for the 

Figure 3.

Graphic presentation of the time course of alveolar collapse during the expiration by releasing an airway pressure of 25 cm 
H2O to zero as depicted by in-vivo microscopy in rats with surfactant-deactivated lung. The Y-axis represents the alveolar 
surface areas in pixels and the X-axis is the time. There is a time lag of 0.17 s before alveoli start to collapse after the initia-
tion of the expiratory phase. Furthermore, it takes 0.25 s before the alveoli are fully collapsed. Figure from Satalin, et al. 
(2016) [103], presented at ‘The Open Forum Sessions’ during the AARC Congress 2016.
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Figure 4.

The effect of the ventilator settings on the alveolar mechanics. The left graphics are schematic presentations of the ventila-
tor pressure-time curves belonging to the photomicrographs of the lung presented on the right figure. The lung was fixed 
at the end-inspiratory pressure (left column of the photomicrographs) and at the end-expiratory pressure (right column 
of the photomicrographs). The conducting airspaces including the alveolar ducts are colored green, the alveolar spaces 
are magenta and the alveolar walls are lilac. In APRV75% and APRV10% termination of the expiration is set at an EEF/PEF 
ratio of 75% and 10%, respectively. In the healthy lung using tissue microscopy after fixing the lung at peak-inspiration and 
at end-expiration, Kollisch-Singule, et al. (2014) demonstrated that the distribution of tidal volume between the alveoli 
and the alveolar ducts shows little change during inspiration and expiration (‘control’) [100]. After surfactant deactivation, 
there is a redistribution of air at the end of expiration from the alveoli towards the alveolar ducts (‘expiration’ and ‘PEEP 5’). 
During inspiration, the redistribution towards the alveolar ducts markedly increases causing a tremendous deformation 
of the alveoli adjacent to these alveolar ducts (‘inspiration’ and ‘PEEP 5’). This results in an increased microstrain (defined 
as the change in length of the alveolar ducts between inspiration and expiration normalized by their original length). 
Increasing the PEEP level to 16 cm H2O decreases the microstrain but not the redistribution of air towards the alveolar 
ducts (‘Inspiration’, ‘expiration’ and ‘PEEP 16’). The application of APRV10% with a Phigh of 40 cm H2O and expiratory time 
of 0.22-0.26 s increases the redistribution of air towards the alveolar ducts and the microstrain dramatically (‘Inspiration’, 
‘expiration’ and ‘APRV10%’). By applying APRV75% with a Phigh of 40 cm H2O with a shorter expiration time 0f 0.04 to 0.08 s 
the redistribution of air towards the alveolar ducts and the microstrain much improve but are still not completely restored 
(‘Inspiration’, ‘expiration’ and ‘APRV75%’) [100]. Thus: in surfactant deactivated lung, a short expiratory time stabilizes the 
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surfactant-deactivated lung (Figure 3).[100, 104] The efficacy of the TCAV protocol was 
recently demonstrated in experimental pulmonary and extrapulmonary ARDS.[105] The 
DAD score (reflecting the extent of pulmonary damage) and the expression of biological 
markers for lung tissue damage (i.e. amphiregulin, vascular cell adhesion molecule 1—
VCAM-1, syndecan 1, metalloproteinase 9—MMP9 and decorin) are significantly higher 
in volume controlled ventilation (VC) with 8ml/kg ideal body weight than in TCAV.[105]

In this perspective, the consequences of mechanical ventilation on the surfactant-
deactivated lung are: First, if the pressure and the duration of the inspiration are inad-
equate to expand the alveoli tidal volume will be distributed towards the alveolar ducts. 
This increases the deformation of the alveolar epithelial cells of the adjacent alveoli 
that are connected to these alveolar ducts tremendously and augments the release of 
extracellular ATP to a level beyond the capacity of the ATPase enzymes (CD39, NPP and 
CD 73). ATP will gradually reach >100 µM concentrations causing surfactant impairment 
and >300 µM concentrations invoking the pro-inflammatory response of the innate im-
mune system injuring the lung tissue. Bellingan, et al. (2014) reported that treatment 
with interferon-beta-1a (IFN-β-1a) that up-regulates the expression of CD73 reduces the 
ARDS mortality.[106] Second, even after a successful recruitment manoeuvre (RM) the 
newly recruited alveoli will collapse and reopen during every breath if PEEP is not set 
correctly since the expiratory duration with continuous mandatory ventilation is longer 
than the alveolar collapse-time.

The difficulty of opening the lung with a RM and attempting to stabilize it with PEEP was 
demonstrated in a recent publication by Cavalcanti, et al. (2017) and the “the Alveolar 
Recruitment for Acute Respiratory Distress Syndrome Trial (ART) Investigators”.[107] 
They reported a study of patients with moderate to severe ARDS. The patients are ran-
domized into a control and an experimental treatment group. The control arm received 
ventilation with low tidal volume according to the ARDSNet protocol. The experimental 
strategy arm received the same low tidal volume protocol as the control group with 
the addition of neuromuscular blockade and RMs with incremental PEEP up to plateau 
pressure levels of 50 cm H2O followed by a decremental PEEP trial to identify the PEEP 
level with the highest respiratory compliance. The mean PEEP level in the control group 

alveoli and a long expiratory time allows alveolar collapse to occur. By setting the timing of the termination of the expira-
tion relative the PEF, the actual expiration time will change proportional to the time-constant of the alveoli. For instance, 
in slowly deflating alveoli a longer time is required to reach an EEF/PEF ratio of 75% than in fast deflating alveoli. Conse-
quently, the expiration time in a lung with a high compliance is longer than in a lung with a low compliance. Therefore, this 
mode is now referred to as the ‘time-controlled adaptive ventilation’ (TCAV). APRV: airway pressure release ventilation; 
EEF: end-expiratory flow; PEF: peak-expiratory flow; Phigh: inspiratory pressure; PEEP: positive end expiratory pressure; Vt: 
tidal volume; RR: respiratory rate; Exp: Expiratory. Photomicrographs figure from Kollisch-Singule, et al. (2014) [100] with 
permission.
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was 12.2 cm H2O and 16.8 cm H2O in the experimental group. The mean plateau pres-
sure in the experimental group was higher than in the control group but was always 
below 30 cm H2O. There is a slight but statistically significant higher mortality in the 
experimental group compared to the control group (55.3% vs. 49.3%).[107] The RMs in 
the treatment group may open the lung initially, but soon after the termination of the 
RMs, the newly recruited alveoli recollapse due to an inadequate PEEP level. Therefore, 
the investigators opened up the lungs during the RM but the level of PEEP failed to keep 
the lung open thereafter, providing one explanation for the lack of benefit observed in 
the experimental group.

12. SUMMARY AND CONCLUSIONS

In the healthy lung, continuous mandatory ventilation with high mechanical power 
causes an increase in mechanical deformation of the AT I cells followed by an increase 
in the release of extracellular ATP. This then functions as a signalling molecule for the 
AT II cells to release surfactant. However, at about 100 µM concentrations, extracellular 
ATP receptors of the AT II cells become desensitized, surfactant release is halted, and 
the FACE-induced trans-epithelial transport of Na+, Ca2+, and water molecules from the 
alveolar space to the interstitium is diminished, thickening the alveolar liquid lining and 
impairing the surfactant function. At 300 µM concentrations and above, extracellular ATP 
initiates the pro-inflammatory response of the innate immune system with immediate 
increased complement C3 levels causing capillary leakage followed by the disruption of 
the intercellular junctions of the alveolar epithelial cells, causing overt alveolar space 
oedema. Surfactant disaggregation by serum proteins further deactivates the surfactant 
function, leading to a significant alteration in the viscoelastic properties of the lung and 
the redistribution of the tidal volume towards the alveolar ducts. This boosts the extra-
cellular release of ATP by the alveolar epithelial cells and the pro-inflammatory response 
of the innate immune system. In addition, the initiated pro-inflammatory response of 
the innate immunity injuring the lung is followed by a reactive adenosynergic immune 
paralysis of the immune system and fibrosis.[10] Although extracellular ATP levels can 
be reduced by a treatment with IFN-β-1a, this may increase adenosine levels.

Future research should be directed into blocking high levels of extracellular ATP com-
bined with improved ventilation strategies. Furthermore, new monitoring systems have 
to be developed to assess markers of the massively increased purinergic signalling in 
the lung.
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ABSTRACT

Recent research suggested an important role for pulmonary extracellular adenosine 
triphosphate (ATP) in the development of ventilation induced lung injury. This injury 
is induced by mechanical deformation of alveolar epithelial cells, which in turn release 
ATP to the extracellular space. Measuring extracellular ATP in exhaled breath conden-
sate (EBC) may be a non-invasive biomarker for alveolar deformation. Here, we study 
the feasibility of bedside ATP measurement in EBC. We measured ATP levels in EBC in 
10 subjects before and after an exercise test, which increases respiratory parameters 
and alveolar deformation. EBC lactate concentrations were measured as a dilution 
marker. We found a significant increase in ATP levels in EBC (before: 73 RLU [IQR 50-209] 
versus after: 112 RLU [IQR 86-203]; p-value 0.047), and the EBC ATP-to-EBC lactate ratio 
increased as well (p-value 0.037). We present evidence that bedside measurement of 
ATP in EBC is feasible and that ATP levels in EBC increase after exercise. Future research 
should measure ATP levels in EBC during mechanical ventilation as a potential bio-
marker for alveolar deformation.

Keywords: adenosine triphosphate (ATP), exhaled breath condensate (EBC), exercise 
test, luciferin-luciferase assay
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1. INTRODUCTION

Recently we suggested an important role for pulmonary extracellular adenosine triphos-
phate (ATP) in the development of ventilation induced lung injury or acute respiratory 
distress syndrome (ARDS).[1] However, at this moment there is no clinically applicable 
method to detect extracellular ATP in the lungs.

ATP is omnipresent in cell tissues and the majority of ATP is located in the intracellular 
space.[2-4] Cells can release ATP molecules after a variety of stimuli (e.g. mechanical 
deformation, inflammation) and the extracellular ATP concentration increases.[3] In the 
lungs stretch of the alveolar epithelial type I (AT I) cells result in the extracellular release 
of ATP.[5-7] Real-time imaging demonstrated that extracellular ATP release occurs simul-
taneously with mechanical deformation.[8] A nanomolar increase in extracellular ATP 
stimulates the alveolar epithelial type II cells to release surfactant in the alveolar space.
[7, 9-11] Subsequently, extracellular ATP is converted by the CD39 and CD73 enzymes to 
adenosine and inosine.[3, 4]

The amount of extracellular ATP release correlates with the magnitude of alveolar 
deformation.[6] Mechanical ventilation can induce severe mechanical deformation and 
subsequent massive ATP release into the extracellular space. Millimolar concentrations 
of extracellular ATP act as a danger associated molecular pattern and initiate the pro-
inflammatory innate immune response.[3, 12, 13] Prolonged exposure to high levels of 
extracellular ATP can result in ventilation induced lung injury or ARDS.[1] The measure-
ment of extracellular ATP in the lungs might be a biomarker for alveolar deformation.

ATP in the expired breath can be detected in exhaled breath condensate (EBC).[14-16] 
EBC is collected by leading exhaled breath air from a subject through a thermo-electric 
cooling module. The resultant condensate is used for further analyses. EBC collection is 
a non-invasive method to acquire samples from the respiratory tract and alveoli.[17-19] 
It is a safe method to assess inflammatory biomarkers in various pulmonary diseases.
[20] In addition, EBC contains only few cellular components and low protein levels, 
indicating virtually no ATP release and low conversion rate.[14] ATP has proven to be 
stable in EBC for at least 30 minutes.[16] Previous studies used a luciferin-luciferase 
assay to detect extracellular ATP [14-16], a highly sensitive method to detect ATP.[21] In 
this study we used a handheld luminometer with a ready to use assay kit. This allowed 
us to perform ATP measurements in a bedside manner.

We collected EBC from subjects before and after exercise to test whether bedside ATP mea-
surements were feasible. Exercise results in a wide range of physiologic responses, including 
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a significant increase in respiratory parameters (e.g. tidal volume, respiratory rate, and re-
spiratory minute volume).[22] We hypothesized that the increase in respiratory parameters 
during exercise resulted in a rise in alveolar deformation and subsequent ATP release into 
the extracellular space. The aim of this study was to assess the feasibility of bedside ATP 
measurements and to measure ATP levels in EBC before and after an exercise test.

2. METHODS

2.1 Study Design and Setting
This prospective observational study was performed at BeLife Human Performance Lab, 
a performance screen and rehabilitation centre. We included subjects between 18 and 
75 years old who had a cycle ergometry exercise test at BeLife between October 2017 and 
January 2018. The exclusion criteria were age <18 years, new onset respiratory symp-
toms in the past week, and/or a history of unstable respiratory disease (asthma, chronic 
obstructive pulmonary disease, interstitial lung disease or pulmonary malignancy) re-
quiring changes in therapy in the past three months. The primary outcome of this study 
was the difference in ATP levels in EBC before and after an exercise test. In addition, 
ATP levels in EBC were correlated with the following respiratory parameters: respira-
tory rate, tidal volume, and respiratory minute volume. This study was commissioned 
by the Department of Adult Intensive Care Medicine of the Erasmus MC Rotterdam, the 
Netherlands. The study has been performed in accordance with the 1964 Declaration of 
Helsinki and its later amendments. All subjects gave written informed consent.

2.2 Data Collection
Cycle ergometry exercise test All subjects performed a cycle ergometry exercise test ac-
cording to the local ramp protocol. The test consisted of a gradual increase in workload 
until exhaustion. Hemodynamic, metabolic and respiratory parameters, including respi-
ratory rate, tidal volume, and respiratory minute volume, were recorded. Measurement 
of height, weight, and spirometry (Jaeger Vyntus CPX, Vyaire Medical, USA) were per-
formed before the exercise test. Before and after exercise a capillary blood gas sample 
was taken. If a capillary blood gas sample after exercise could not be obtained, blood 
lactate was measured using Lactate Pro2 LT-1730 (Arkray, Japan).

Exhaled breath condensate EBC was collected with the commercially available Turbo-
DECCS System exhaled breath condensator (Disposable Exhaled Condensate Collection 
Systems, DECCS, Medivac, Italy). A disposable TurboDECCS mouthpiece with saliva 
filter designed for spontaneously breathing subjects was used. We set condensation 
temperature at minus 7 oC. EBC was collected twice: once directly before and once five 
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minutes after the exercise test. Subjects exhaled through the mouthpiece during 15 min-
utes of tidal breathing. EBC was collected during 15 minutes to collect sufficient sample 
volume; duration of EBC sampling does not influence adenosine concentrations.[17] In 
order to minimize sensations of shortness of breath or faintness after the exercise test 
no nose clip was required.

Luciferin-luciferase assay ATP levels in EBC were measured with luminometry and lucif-
erin-luciferase assay. In this study a 3M ready to use luciferin-luciferase water assay kit 
(3M Clean-Trace Luminometer LM1, Neuss, Germany) was used. The amount of ATP was 
expressed in Relative Light Units (RLU). The linearity and sensitivity of this luminometer 
was confirmed by measurements with different concentrations of sterile pure ATP solu-
tions ranging from 10-11 to 10-5 M.[23] These ATP concentrations corresponded with 101 
to 106 RLU. Two hundred micro litres of EBC was pipetted directly into each assay kit 
using disposable pipette tips (Filter tip, Greiner Bio-one, Austria). The assay was repeat-
edly performed every 15 seconds for a duration of two minutes until an equilibrium was 
reached; i.e. stable RLU values during at least two measurements. In order to decrease 
intra-assay variability the luciferin-luciferase assay was repeated three times with differ-
ent assay kits for every EBC sample. Mean ATP level of the three equilibrium values was 
used in the analyses and intra-assay coefficient of variation (CV) was calculated.

Dilution marker and amylase assay We used EBC lactate as a marker for EBC sample dilu-
tion and calculated EBC ATP-to-EBC lactate ratio. In one occasion insufficient sample 
material was collected and median EBC lactate was used. Lactate in capillary blood 
gas and EBC was performed on a RapidPoint 500 System (Siemens, Germany, detection 
limit 180 µmol/L). Subsequently, EBC was stored at minus 80 oC for amylase assay. A 
colorimetric (405nm) amylase assay was performed to detect possible saliva con-
tamination. Amylase activity was assessed using an Amylase Activity Assay Kit (MAK009, 
Sigma-Aldrich, USA) and a Varioskan LUX multimode microplate reader (Thermo Fischer 
Scientific, USA) according to manufacturer protocol.

2.3 Sample Size and Statistical Analysis
We did not calculate a sample size, as the change in ATP levels in EBC before and after 
exercise is currently unknown. We decided to include 10 subjects in this feasibility study. 
Baseline characteristics and exercise test data were presented as descriptive statistics. 
Data was tested for normality. As most data was not normally distributed continuous 
data were reported as median and interquartile range (IQR). A related-samples Wilcoxon 
Signed Rank Test was used to assess differences before and after the exercise test. All 
statistical analyses were performed in IBM SPSS Statistics 21. A p-value <0.05 was con-
sidered statistically significant.
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3. RESULTS

3.1 Subject Characteristics Before and After the Exercise Test
Twelve subjects were enrolled in this study. One EBC sample obtained before the exer-
cise test contained substantial traces of amylase, while the other samples had an absor-
bance similar to background signal. We considered this sample to be contaminated with 
saliva and the subject was excluded from analyses. Another subject was excluded as 
no EBC was collected despite multiple attempts. The characteristics of the 10 included 
subjects are presented in Table 1. Only two subjects had no medical history, as BeLife is 
both a performance screen centre and a rehabilitation centre. The results of the exercise 
tests are shown in Table 2. Both hemodynamic and metabolic parameters increased 
significantly during exercise. Respiratory parameters, including respiratory minute vol-
ume, increased significantly as well. This was also reflected in a statistically significant 
decrease in pCO2 after the exercise test. In the capillary blood gas there was a significant 
change in HCO3

-, base excess, and lactate.

Table 1. Demographic and clinical characteristics of the subjects (n=10).

Characteristic Median IQR

Female n = 8 (80%)

Age (years) 46 30-53

Height (cm) 170 166-177

Weight (kg) 73.1 61.2-95.2

BMI 26.0 22.1-32.0

BSA (m2) 1.90 1.74-2.10

Duration of exercise test (min:s) 9:46 7:11 - 11:08

Medical history Obesity (n = 3)
Asthma (n = 1)
Surgery (n = 1)
Intensive Care admission (n = 1)
Essential thrombocytosis (n = 1)
M. Crohn (n = 1)
No medical history (n = 2)

Current smoking n = 1

Recent respiratory symptoms n = 2

Spirometry

Forced vital capacity (L) 4.00 3.01-4.54

FEV1 (L) 3.09 2.32-3.89

FEV1 predicted (%) 100 90-111

FEV1/VC (%) 80.6 73.7-84.5

BMI Body mass index, BSA Body surface area, FEV1 Forced expiratory volume in one second, IQR interquartile range, VC 
Vital capacity.
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3.2 ATP in Exhaled Breath Condensate
The ATP levels in EBC were detectable in all subjects and increased in nine out of ten sub-
jects (Figure 1). ATP levels in EBC increased significantly after exercise (112 RLU, [IQR 86-
203]) as compared to before the exercise test (73 RLU, [IQR 50-209]; p-value 0.047) (Table 
3). Lactate concentrations measured in EBC as a dilution marker did not differ before and 
after exercise. Comparison of EBC ATP-to-EBC lactate ratio before and after the exercise 
test resulted in a significant increase (p-value 0.037) as well. The ATP measurements 
were reproducible with an intra-assay CV of 9.8%. Collected EBC volume was significantly 
greater after the exercise test, while collection time was similar. No adverse events were 
observed during this study. We did not find a significant linear correlation between respi-
ratory rate, tidal volume or respiratory minute volume and the amount of ATP detected.

Table 2. Physiologic variables before and after the exercise test.

Variables Unit Before exercise (Rest) After exercise (Peak VO2) p-value

Hemodynamic parameters

Heart rate 1/min 87 (74-97) 172 (147-189) <0.01*

Systolic blood pressure mmHg 129 (125-158) 185 (167-213) <0.01*

Diastolic blood pressure mmHg 77 (68-93) 79 (74-94) 0.959

MAP mmHg 94 (89-117) 112 (106-131) <0.01*

Metabolic parameters

VO2 mL/min 345 (297-413) 2047 (1599-2436) <0.01*

Respiratory Exchange Ratio 0.78 (0.72-0.89) 1.10 (1.03-1.27) 0.014*

PETCO2 mmHg 33.75 (27.76-36.25) 33.28 (29.42-38.21) 0.721

EqCO2 33.0 (30.3-35.7) 33.6 (27.7-36.8) 0.959

MET 1.1 (1.0-1.6) 7.7 (6.1-10.9) <0.01*

Respiratory parameters

Tidal volume L 0.744 (0.533-0.883) 2.261 (1.809-2.652) <0.01*

Respiratory rate 1/min 15.4 (12.7-17.2) 40.1 (31.5-44.1) <0.01*

Respiratory minute volume L/min 11.5 (8.7-13.4) 87.1 (64.4-112.3) <0.01*

Capillary blood gas

pH 7.408 (7.398-7.442) 7.358 (7.290-7.387) 0.080

pCO2 mmHg 35.0 (30.2-35.9) 31.2 (27.1-33.9) 0.042*

pO2 mmHg 75.2 (62.1-85.0) 91.5 (90.9-97.4) 0.068

HCO3
- mmol/L 21.5 (21.0-22.1) 15.1 (13.7-19.8) 0.043*

Base excess -2.1 (-3.2 ; -1.6) -9.7 (-10.9 ; -4.3) 0.043*

Hematocrit mmol/L 0.41 (0.35-0.43) 0.43 (0.40-0.46) 0.102

Hemoglobin mmol/L 8.6 (7.4-9.1) 9.1 (8.3-9.7) 0.066

Oxygen saturation 0.95 (0.92-0.96) 0.96 (0.96-0.98) 0.068

Lactate mmol/L 1.63 (1.32-1.83) 7.82 (5.63-9.79) 0.018*

Data are presented as median and interquartile range unless stated otherwise. *p-value < 0.05. VO2 Volume of oxygen con-
sumption, MAP Mean arterial pressure, PETCO2 Partial pressure of exhaled carbon dioxide, MET Metabolic equivalent of a task.
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4. DISCUSSION

This study showed that the bedside measurement of ATP levels in EBC is feasible. We 
found a significant increase in ATP levels in EBC after the exercise test as compared to 
before exercise. Lactate concentrations in EBC, measured as a dilution marker, were 
similar before and after the exercise test. In addition, we confirmed that EBC collection 
is simple and safe.

Figure 1. Adenosine triphosphate in exhaled breath condensate before and after exercise

RLU Relative Light Units

Table 3. Adenosine triphosphate in exhaled breath condensate (EBC)

Exhaled breath condensate Unit Before exercise (Rest) After exercise (Peak VO2) p-value

EBC ATP RLU 73 (50-209,
Range 34-231)

112 (86-203,
Range 64-351)

0.047*

EBC lactate mmol/L 0.44 (0.41-0.48) 0.45 (0.42-0.49) 0.573

EBC ATP-to-EBC lactate ratio 176 (109-444,
Range 78-525)

278 (186-486,
Range 131-780)

0.037*

Time of EBC collection min:s 15:00 (14:48-15:00) 15:00 (14:48-15:00) 0.317

EBC volume mL 1.3 (0.8-2.0) 1.9 (1.2-2.1) 0.038*

Data are presented as median and interquartile range unless stated otherwise. *p-value < 0.05. RLU Relative Light Units.
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ATP levels in EBC increased in nine out of ten subjects after exercise. Although exercise 
induces multiple systemic responses, as indicated by a significant increase in physiologic 
parameters and especially blood lactate concentration, we hypothesized that increased 
alveolar deformation is the main reason for the observed increase in ATP levels. A sys-
temic origin of increased ATP levels in EBC after exercise is unlikely, as extracellular ATP 
is rapidly degraded by both soluble and membrane bound ecto-enzymes.[3] In addition, 
in healthy lungs the tight junctions between adjacent pulmonary epithelium seal the 
cells and form a barrier between the alveolar air space and the interstitium.[24, 25] Bar-
rier function can diminish following cell damage or inflammation, but it remains intact 
during brief exercise. This is also reflected by the fact that blood lactate concentration 
increased significantly, while EBC lactate concentration remained unchanged. As lactate 
(89 g/mol) is a significantly smaller molecule than ATP (507 g/mol) [26], a rise in lactate 
concentration in EBC through paracellular transport is more likely to occur. Thus, it is 
possible that the lung itself is the source of increased ATP levels in EBC after exercise. In 
one subject ATP levels in EBC did not increase after exercise. This subject was stressed 
before the exercise test, as indicated by highest heart rate and respiratory parameters at 
rest. She was in excellent physical condition and recovered fast with a heart rate below 
baseline at 120 seconds after exercise. Therefore, the difference in physiologic variables 
before and after the exercise test was smallest in this subject. Other possible explana-
tions for the decrease in ATP levels are contamination of the sample (other than saliva) 
acquired before the exercise test, or increased instability of ATP after the exercise test 
due to a change in EBC composition after exercise (e.g. pH).[27, 28]

EBC composition and origin In theory EBC originates from the entire respiratory tract, 
although the exact origin of EBC remains unclear.[29, 30] The composition of EBC cor-
responds with the composition of airway lining fluid (ALF) [29], although solute concen-
trations are significantly lower. EBC is generated in a milieu of air that is nearly saturated 
with gas-phase water vapour; the majority of EBC consists of evaporated water (up to 
99.9%).[17, 31-33] The remainder EBC fluid contains a multitude of volatile and non-
volatile compounds. The non-volatile compounds in ALF undergo aerosolization during 
tidal breathing as small droplets of ALF are released from the airway surfaces.[29, 30, 32] 
The number of particles detected in exhaled air vary between 0.1 and 4.0 particles per 
millilitre.[34] Multiple models have been proposed to explain particle aerosolization, 
including airway turbulence, thermodynamic aerosol formation and the bronchiole 
fluid film burst (BFFB) model.[30, 35, 36] Airway turbulence, however, is an improbable 
source of aerosolization in EBC as flow is laminar in the bronchiole at naturally achieved 
flow rates.[35]
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Several studies assessed the influence of exercise on the composition of EBC. The major-
ity of ions and compounds remained unchanged [27], although a significant increase in 
EBC pH was reported.[27, 28] Both unchanged and increased lactate concentrations in 
EBC after exercise were observed.[27, 37] The EBC lactate concentrations in this study 
were in concordance with previously measured concentrations.[38] ATP concentrations 
in EBC have been measured in patients with COPD, asthma and cystic fibrosis. These 
studies reported some variability in ATP concentrations.[14-16] However, they did dem-
onstrate a decrease in ATP levels after antibiotic treatment of pulmonary cystic fibrosis 
exacerbations.[16]

Limitations from this study mainly derived from the low particle concentrations found in 
EBC and the absence of EBC collection and sample handling standardization. The larg-
est pitfall of analyses of EBC is the unknown amount of fragmented droplet aerosols. 
According to the BFFB model an increase in respiratory minute volume should lead to 
an increased number of expired particles.[39] This does not significantly influence EBC 
sample dilution, as the total amount of exhaled water increases as well.[40] Neverthe-
less, our subjects had to recover at least five minutes in order to partially restore normal 
respiratory minute volume. Previous studies reported a wide range in EBC adenosine 
concentrations and calculated a purine-to-urea ratio to correct for dilution variability.
[41-43] Significant amounts of urea and lactate have been observed in EBC.[38] In theory, 
both can be used as a denominator for the unknown amount of particles that has been 
aerosolized. Previously urea was used as it is not produced or metabolized in the lungs 
[44, 45], despite a great within-subject variability in EBC urea concentrations.[17, 46] In 
our study lactate concentrations were comparable before and after exercise, although 
lactate can be produced by the respiratory epithelium.[27] As EBC lactate can increase 
during exercise, an EBC ATP-to-EBC lactate ratio might underestimate the true increase 
in ATP levels. ATP levels in EBC are near the lower detection limit with the bedside lu-
minometer used in this study. Intra-assay variability was 9.8% despite low ATP levels in 
EBC; a CV of 10% is considered acceptable.[47] The CV tended to decline as ATP levels 
in EBC were greater. Increasing the lower detection limit would not only increase test 
sensitivity, but decrease test variability in the lower ranges as well. According to previ-
ously published calibration curves, we estimate that EBC ATP levels in our study were 
in nanomolar ranges.[23] Although ATP levels measured in EBC are underestimated, 
as a part of extracellular ATP is rapidly converted to adenosine.[3] Despite supervised 
EBC collection and saliva filter in the TurboDECCS mouthpiece, one sample tested 
positive for amylase. According to literature sample contamination rarely occurs and 
routine amylase assay is not recommended.[17, 33] However, sample contamination 
is unacceptable when purine concentrations are measured. Therefore, we recommend 
routine amylase assay in EBC collection of spontaneously breathing subjects. We did not 
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estimate a sample size to detect a correlation between respiratory parameters and an 
increase in ATP levels. Moreover, substantial variability between subjects obscured any 
correlation. Because of the great variability in exhaled aerosol concentrations between 
subjects longitudinal measurements and intra-individual comparisons are preferable.
[48] In addition, the within subject change in ATP levels was assessed, as reference 
values for inflammatory biomarkers in EBC remain to be established.[18, 29, 49]

5. CONCLUSIONS

In the present study we confirmed that it is feasible to measure ATP levels in EBC in a 
bedside manner. In addition, ATP levels in EBC increased after exercise, whereas lactate 
concentrations in EBC remained similar. We hypothesized that ATP levels increased as 
a result of alveolar deformation. Although EBC collection has some pitfalls and may un-
derestimate alveolar extracellular release of ATP, the non-invasive measurement of ATP 
levels in EBC holds great potential. Measurement of ATP in EBC may provide a relatively 
simple and non-invasive method to monitor alveolar deformation. Future studies will 
focus on the measurement of ATP in EBC during mechanical ventilation.
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ABSTRACT

Introduction: Exhaled breath condensate (EBC) is a non-invasive method to collect 
samples from the respiratory tract. Usually a thermo-electric cooling module is required 
to collect sufficient EBC volume for analyses. In here, we assessed the feasibility of 
cytokine and chemokine detection in EBC collected directly from the ventilator circuit 
without the use of a cooling module: swivel-derived exhaled breath condensate (SEBC).

Methods: SEBC was prospectively collected from the swivel adapter and stored at -80oC. 
The objective of this study was to detect cytokines and chemokines in SEBC with a mul-
tiplex immunoassay. Secondary outcomes were to assess the correlation between cy-
tokine and chemokine concentrations in SEBC and mechanical ventilation parameters, 
systemic inflammation parameters, and hemodynamic parameters.

Results: Twenty-nine SEBC samples were obtained from 13 ICU patients. IL-1β, IL-4, 
IL-8, and IL-17 were detected in more than 90% of SEBC samples and significant cor-
relations between multiple cytokines and chemokines were found. Several significant 
correlations were found between cytokines and chemokines in SEBC and mechanical 
ventilation parameters, and serum lactate concentrations.

Conclusion: This pilot study showed that it is feasible to detect cytokines and chemo-
kines in SEBC samples obtained without a cooling module. Despite small sample size, 
correlations were found between cytokines and chemokines in SEBC and mechanical 
ventilation parameters, as well as serum lactate concentrations. This simple SEBC col-
lection method provides the opportunity to collect EBC samples in large prospective 
ICU cohorts.
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INTRODUCTION

Pulmonary inflammation is the hallmark of acute respiratory distress syndrome (ARDS) 
and ventilator-associated pneumonia (VAP).[1, 2] Consecutive measurements of pulmo-
nary inflammation could identify mechanically ventilated patients that develop ARDS or 
VAP in an early phase of the disease or even patients at risk.

Bronchoscopy with bronchoalveolar lavage is an invasive method that is used to directly 
detect pulmonary inflammation. However, a bronchoscopy is not routinely performed 
until clinical or radiological symptoms of ARDS or VAP have developed. Exhaled breath 
condensate (EBC) is a non-invasive method to sample the airway lining fluid that covers 
the respiratory tract.[3-5] A variety of inflammatory biomarkers has been detected in 
EBC.[6, 7] In mechanically ventilated patients, EBC samples are collected by guiding 
exhaled breath air through a thermo-electric cooling module using additional tubing. 
Cooling down exhaled breath air is required to collect sufficient sample volume for 
analyses.[8] The necessity for a cooling module and additional mechanical ventilation 
tubing prevented the collection of EBC in large prospective cohorts at the intensive care 
unit (ICU), as it is both complex and time consuming.

Multiplex immunoassays are able to detect cytokines and chemokines in very small 
sample volumes. A volume of 50 microliters is sufficient to obtain reliable results. In all 
patients on mechanical ventilation with a heat and moisture exchanger (HME) a small 
volume of EBC cumulates in the expiratory tubing of the ventilatory circuit: swivel-
derived exhaled breath condensate (SEBC).

The hypothesis of this study was that it was feasible to detect cytokines and chemo-
kines in SEBC obtained from mechanically ventilated ICU patients. We collected SEBC 
material directly from the ventilator circuit and used a multiplex immunoassay to detect 
cytokines and chemokines.

METHODS

Study design and setting
This prospective observational pilot study was performed in the ICU of Diakonessen-
huis, Utrecht, the Netherlands. Adult patients on invasive mechanical ventilation were 
included in this study. We excluded patients with purulent or haemorrhagic sputum 
that required active humidification instead of a heat and moisture exchanger (HME). The 
study was approved by the medical ethical committee (METC) of the Diakonessenhuis 
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Utrecht. A waiver for informed consent was given due to the non-invasive nature of the 
study.

Study outcomes
The primary outcome of this feasibility study was to detect cytokines and chemokines 
in SEBC obtained in standard ICU bedside conditions. Secondary outcomes were to 
assess the correlation between cytokine and chemokine concentrations in SEBC and 
mechanical ventilation parameters, systemic inflammation parameters, and hemody-
namic parameters.

Data collection
Swivel-derived EBC sample collection SEBC sampling was performed by two researchers 
(HE and IW) between 8 and 10 a.m. before routine airway care. The tube and the swivel 
adapter were disconnected and droplets in the swivel adapter were directly aspirated 
with a 3 mL disposable pipet. The SEBC samples were stored in 2mL containers and im-
mediately cooled in ice. Within 15 minutes following collection the samples were stored 
at -80oC.

Multiplex immunoassay SEBC samples were analysed with a multiplex immunoassay 
(Luminex, Austin, TX, R&D Systems Cytokines) according to manufacturer instructions 
protocol (R&D Systems). The concentrations of a set of cytokines (IL-1β, IL-2, IL-4, IL-5, 
IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, IFN-γ, G-CSF, and TNF-α) and chemokines (MCP-1 
and MIP-1β) were measured.

Patient data collection Demographic and clinical characteristics of the patients were 
retrieved from the patient data management system (PDMS, MetaVision). All patients 
were ventilated with a Servo-i mechanical ventilator in either pressure control or pres-
sure support mode. Airway pressure levels and fraction of inspired oxygen (FiO2) were 
adjusted by the attending physician. The following respiratory variables were recorded 
at the moment of SEBC sampling: mode of ventilation, tidal volume (Vt), positive end-
expiratory pressure (PEEP), peak airway pressure, plateau airway pressure, FiO2, pul-
monary dynamic compliance, and PaO2/FiO2 (P/F) ratio. In addition, the mean arterial 
blood pressure (MAP), heart rate, urinary output in the two hours before sampling, dose 
of noradrenaline (target MAP >65mmHg), and central temperature were recorded. The 
following laboratory parameters were assessed at the day of SEBC sampling: serum 
lactate, haemoglobin, sodium, potassium, CRP, white blood cell count (WBC), platelet 
count, urea, and creatinine. Arterial blood gas results before the moment of sampling 
were recorded as well.
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Statistical analysis
Descriptive characteristics are shown as median and range. Correlation coefficients 
were calculated by using Pearson correlation coefficients, provided that at least 10 
samples had detectable cytokine or chemokine concentrations. All statistical analyses 
were performed in IBM SPSS Statistics 21. A difference of p<0.05 was considered statisti-
cally significant.

RESULTS

Patient characteristics Twenty-nine SEBC samples were obtained from 13 patients 
(median 2 samples, range 1-4). Patient characteristics are shown in Table 1. None of the 
patients was diagnosed with a VAP or ARDS according to recent definitions.[1, 9] Seven 
SEBC samples were taken during pressure control ventilation and 22 during pressure 
support ventilation.

Feasibility All cytokines and chemokines were detectable in SEBC samples except for IL-2 
(Table 2). IL-1β, IL-4, IL-8, and IL-17 were detected in more than 90% of SEBC samples, 
but ranges varied greatly. In addition, we found significant correlations between cyto-
kine and chemokine concentrations (Table 3).

Table 1 Patient characteristics of 13 mechanically ventilated patients

Male (n, %) 7 (54)

Age 69 (37-77)

Reason for admission, n (%)
- Complications of previous abdominal or vascular surgery
- Cardiac failure
- Pneumonia (without severe sepsis or shock)
- Severe sepsis/septic shock
- Other

4 (30%)
2 (15%)
2 (15%)
2 (15%)
3 (23%)

APACHE II score 25 (14-39)

Peak airway pressure (cmH2O) 18 (10-36)

Plateau airway pressure (cmH2O) 12.5 (6-24)

Positive end-expiratory pressure (cmH2O) 8 (5-18)

Tidal volume (mL/kg predicted body weight) 7.2 (5.1-11.0)

Fraction of inspired oxygen (%) 35 (25-70)

PaO2/FiO2 ratio (mmHg) 252 (95-364)

Pulmonary compliance (mL/ cmH2O) 48 (8-208)

Data are presented as median and range unless stated otherwise.
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Table 2 Concentrations of cytokines and chemokines in SEBC (n = 29)

Cytokine/chemokine Detection, n (%) Median (pg/mL) Range (pg/mL)

IL-1β 26 (93)* 0.12 0.00 - 13.71

IL-2 0 - -

IL-4 26 (90) 0.26 0.00 - 0.84

IL-5 3 (10) 0.00 0.00 - 0.60

IL-6 15 (52) 0.00 0.00 - 131.80

IL-7 2 (7) 0.00 0.00 - 9.37

IL-8 27 (96)* 2.55 0.00 - 6448.00

IL-10 24 (86)* 0.03 0.00 - 61.14

IL-12 21 (72) 0.04 0.00 - 7.36

IL-13 1 (3) 0.00 0.00 - 1.52

IL-17 26 (90) 1.30 0.00 - 4.75

G-CSF 2 (7)* 0.00 0.00 - 17.90

IFN-γ 12 (41) 0.00 0.00 - 96.13

MCP-1 25 (86) 0.86 0.00 - 711.76

MIP-1β 16 (55) 0.22 0.00 - 656.92

TNF-α 12 (41) 0.00 0.00 - 15.51

*one result not available in immunoassay (n = 28). IL interleukin, G-CSF granulocyte colony-stimulating factor, IFN inter-
feron, MCP monocyte chemoattractant protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor.

Table 3 Correlation coefficients between cytokines and chemokines in SEBC
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IL-1β -

IL-4 .021 -

IL-6 .212 -.063 -

IL-8 .097 -.156 .963** -

IL-10 -.089 -.122 -.045 -.048 -

IL-12 -.071 -.100 -.027 -.040 .991** -

IL-17 .076 .115 -.164 -.212 .257 -.212 -

IFN-γ -.103 .056 -.062 -.095 .823** .822** .063 -

MCP-1 .060 -.128 .967** .990** .045 .058 -.220 -.001 -

MIP-1β -.082 -.116 -.006 -.009 .999** .992** -.278 .821** .084 -

TNF-α .352 .336 .365 .213 -.02 .024 .282 .411* .228 .017 -

A positive value indicates a positive correlation, whereas a negative value indicates a negative correlation, * < 0.05 ** < 
0.01. Abbreviations: IL interleukin, IFN interferon, MCP monocyte chemoattractant protein, MIP macrophage inflammatory 
protein, TNF tumour necrosis factor.
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Correlations with mechanical ventilation parameters, systemic inflammation, and hemo-
dynamic parameters are shown in the supplementary files. Cytokine and chemokine 
concentrations in SEBC samples did not differ between patients on pressure control or 
pressure support ventilation. High Vt (mL/kg PBW) was correlated with IL-10 (r=.391, 
p<0.05), IL-12 (r=.392, p<0.05), and MIP-1β (r=.397, p<0.05). High P/F ratio was correlated 
with IL-8 (r=.427, p<0.05) and MCP-1 (r=.381, p<0.05). In addition, we observed significant 
correlations between high serum lactate and IL-1β (r=.889, p<0.01), IL-6 (r=.817, p<0.01), 
IL-8 (r=.742, p<0.05), MIP-1β (r=.797, p<0.01), and TNF-α (r=.790, p<0.01).

DISCUSSION

In this pilot study, we showed that it is feasible to detect cytokines and chemokines in 
SEBC samples obtained directly from the ventilator circuit without the use of a cooling 
module. The cytokines and chemokines in SEBC correlated significantly with each other. 
We found correlations between cytokine and chemokine concentrations and mechani-
cal ventilation parameters, as well as high serum lactate. Although the small sample 
size of this study prevents any definitive conclusions, the measurement of cytokines 
and chemokines in SEBC has the potential to become a non-invasive bedside method to 
detect pulmonary inflammation.

In line with previous research, cytokine and chemokine concentrations in SEBC samples 
were low and concentrations varied widely.[10-15] Both the wide variation and low 
concentrations are the result of EBC formation in the airways and EBC sample dilution. 
The exact origin of EBC is uncertain, but McNeil et al. found that there is a correlation 
between fluids extracted from the HME filter and oedema fluid aspirated directly from 
the airways.[16] Therefore, it is suggested that EBC originates from the airway lining 
fluid covering the respiratory tract.[8, 17] Up to 99.9% of EBC consists of evaporated 
water and only a small proportion consists of both volatile and non-volatile compounds.
[3, 18-20] The non-volatile compounds, including cytokines and chemokines, are shed 
from the airway surfaces as small droplets of airway lining fluid during tidal breathing.
[8, 17, 19] The number of droplets detected in exhaled breath air vary greatly resulting in 
variable sample dilution.[17] Currently there is no consensus on a method to correct for 
sample dilution. It has been suggested to calculate proportions between substances in 
order to correct for sample dilution.[21, 22] In our study we found multiple well-known 
correlations between cytokines and chemokines in SEBC samples. The combination of 
IL-6 and IL-8 is frequently used in ARDS research[23, 24], whereas IL-13 was only present 
in combination with high IL-5 concentrations, both are T-helper cell 2 cytokines associ-
ated with airway hyperresponsiveness.[25]
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Mechanical ventilation with high airway pressures and high tidal volumes is associated 
with increased mortality in patients with ARDS.[26] Until now, only Gessner et al. found 
a strong correlation between EBC nitrite levels and tidal volume in an ICU population.
[27] In this study, we found significant correlations between high peak airway pressure 
and G-CSF, and between high tidal volume (mL/kg PBW) and IL-10, IL-12, and MIP-1β. 
In contrast, Fernandez-Bustamante et al. did not find a difference in EBC cytokines 
between low tidal volume (6mL/kg) and intermediate tidal volume (10mL/kg) after one 
hour of mechanical ventilation in healthy perioperative patients.[15] Multiple cytokines 
were undetectable in their study despite the use of a multiplex immunoassay. The un-
detectable concentrations could be explained by the small difference in tidal volumes, 
as a tidal volume of 10mL/kg does not increase mortality rate in ICU patients without 
ARDS.[28] In addition, in healthy perioperative patients the endothelial barrier function 
is preserved and might not have been affected by one hour of mechanical ventilation.

Despite the small sample size, we found strong correlations between high serum lactate 
and IL-1β, IL-6, IL-8, G-CSF, MIP-1β, and TNF-α concentrations in SEBC. Previously we 
have suggested that ATP levels in EBC samples did not accurately reflect serum lactate in 
healthy patients.[29] In critically ill patients, the endothelial barrier function is impaired, 
which could be an explanation for the strong correlations found between serum lactate 
and cytokines and chemokines in SEBC. Parameters associated with an active infection, 
such as CRP and white blood cell count, were not significantly correlated with cytokines 
and chemokines in SEBC samples. Therefore, we hypothesize that the raised concentra-
tions of cytokines and chemokines in SEBC samples is the result of endothelial barrier 
dysfunction, and not of infection.

This pilot study has several limitations. First, this study was designed as a pilot study 
with as primary aim to establish the feasibility of detection of cytokines and chemo-
kines in SEBC samples collected without a cooling module. Therefore, sample size was 
small and the correlations found are likely to overestimate or underestimate the true 
effect. Second, we did not collect matching plasma samples to measure cytokines and 
chemokines to correlate with the SEBC samples. Third, no SEBC dilution factors were 
calculated. We decided to present the raw data as there is no consensus on the calcula-
tion of EBC sample dilution.[3, 5] IL-8 could be used as a denominator, as this cytokine 
is detectable in 96% of measured samples. Lastly, we did not compare SEBC with EBC 
collected by a cooling module, as there is no gold standard for EBC collection.

Despite these limitations, this pilot study demonstrated that cytokines and chemokines 
can be detected in SEBC. The only prerequisite is the use of a HME, as active humidi-
fication potentially results in sample dilution.[5] This simple SEBC collection method 
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provides a unique opportunity to collect EBC samples in large prospective ICU cohorts, 
in order to determine whether cytokines and chemokines are correlated with mechani-
cal ventilation parameters, systemic parameters or even predict the development of 
ARDS or VAP.

CONCLUSION

This pilot study showed that it is feasible to detect cytokines and chemokines in SEBC 
samples obtained directly from the ventilator circuit without the use of a cooling mod-
ule. Although the sample size was small, correlations were found between cytokines 
and chemokines in SEBC, as well as mechanical ventilation parameters and high serum 
lactate concentrations. This simple SEBC collection method provides the opportunity to 
collect EBC samples in large prospective ICU cohorts.

LIST OF ABBREVIATIONS

ARDS acute respiratory distress syndrome
EBC exhaled breath condensate
FiO2 fraction of inspired oxygen
G-CSF  granulocyte colony-stimulating factor
HME  heat and moisture exchanger
ICU  intensive care unit
IFN interferon
IL  interleukin
MAP  mean arterial blood pressure
MCP  monocyte chemoattractant protein
MIP macrophage inflammatory protein
METC  medical ethical committee
PEEP  positive end-expiratory pressure
P/F  PaO2/FiO2 ratio
SEBC  swivel-derived exhaled breath condensate
TNF  tumour necrosis factor
VAP  ventilator-associated pneumonia
Vt  tidal volume
WBC  white blood cell count
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Supplementary files

Table 1 Correlation coefficients between mechanical ventilation parameters and concentrations of cytokines and chemo-
kines in SEBC

PEEP Ppeak Pplat Compliance FiO2 (%) P/F Vt/kg

IL-1β .016 .208 .011 -.107 .195 -.023 -.166

IL-4 -.162 -.051 .234 .068 .019 -.063 -.089

IL-6 .003 .013 -.055 .004 .033 .331 .092

IL-8 -.006 -.129 -.143 .077 -.071 .427* .172

IL-10 .003 -.190 -.160 .265 .024 .005 .391*

IL-12 .042 -.170 -.101 .298 .081 -.028 .392*

IL-17 -.098 -.069 -.025 .072 .076 -.160 -.129

IFN-γ .092 -.019 .059 .213 .096 -.173 .236

MCP-1 .032 -.105 -.098 .100 -.036 .381* .195

MIP-1β -.006 -.197 -.162 .267 .021 .031 .397*

TNF-α -.033 .288 .207 -.175 .172 -.082 .230

A positive value indicates a positive correlation, whereas a negative value indicates a negative correlation, * < 0.05 ** < 0.01. 
Abbreviations: IL interleukin, G-CSF granulocyte colony-stimulating factor, IFN interferon, MCP monocyte chemoattractant 
protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor, PEEP positive end-expiratory pressure, Ppeak 
peak airway pressure, Pplat plateau airway pressure, FiO2 fraction of inspired oxygen, P/F PaO2/FiO2 ratio, Vt tidal volume.

Table 2 Correlation coefficients between parameters of systemic inflammation and concentrations of cytokines and che-
mokines in SEBC

Temperature CRP Thrombocytes Leukocytes Haemoglobin Urea Creatinine

IL-1β -.099 -.310 -.244 .003 .081 .126 .020

IL-4 -.042 -.194 .276 -.376* -.131 -.457* -.445*

IL-6 -.068 .063 -.143 .075 .010 -.077 -.042

IL-8 .054 .092 -.128 .157 .005 -.051 -.076

IL-10 .054 .360 -.062 .039 -.013 .023 .031

IL-12 .035 .337 -.092 -.016 -.038 .027 .065

IL-17 .144 .111 .037 .001 -.393* .233 .201

IFN-γ .168 .329 .180 -.144 -.138 -.089 -.061

MCP-1 .042 .125 -.129 .116 .033 -.058 -.067

MIP-1β .060 .351 -.064 .016 -.021 .012 .027

TNF-α -.069 -.038 .182 -.230 -.255 -.228 -.081

A positive value indicates a positive correlation, whereas a negative value indicates a negative correlation, * < 0.05. Ab-
breviations: IL interleukin, G-CSF granulocyte colony-stimulating factor, IFN interferon, MCP monocyte chemoattractant 
protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor, CRP C reactive protein.



138 Part I

Personalised treatment of ARDS based on biomarkers

Table 3 Correlation coefficients between parameters of circulation and concentrations of cytokines and chemokines in 
SEBC

Cytokine/chemokine MAP UO Serum lactate Noradrenaline dose pH

IL-1β -.366 -.070 .889** .316 -.313

IL-4 .293 -.079 .288 .100 .278

IL-6 -.339 .034 .817** .380 -.079

IL-8 -.305 .113 .742* -.093 .076

IL-10 -.255 -.112 .321 .521 .022

IL-12 -.259 -.067 .076 .514 -.001

IL-17 .048 .261 .110 -.184 .170

IFN-γ -.268 -.097 .096 .559* .091

MCP-1 -.300 .112 .233 .626* .068

MIP-1β -.263 -.102 .797** .518 .029

TNF-α -.427* -.272 .790** .389 -.195

A positive value indicates a positive correlation, whereas a negative value indicates a negative correlation, * < 0.05, 
**p<0.01. Abbreviations: IL interleukin, G-CSF granulocyte colony-stimulating factor, IFN interferon, MCP monocyte che-
moattractant protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor, MAP mean arterial pressure, 
UO urinary output.
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ABSTRACT

Background Latent class analysis (LCA) has identified subgroups with meaningful treat-
ment implications in acute respiratory distress syndrome. We performed a secondary 
analysis of three studies to assess whether LCA can identify clinically distinct subgroups 
in community-acquired pneumonia (CAP) and whether the treatment effect of adjunc-
tive corticosteroids differs between subgroups.

Methods LCA was performed on baseline clinical and biomarker data from the Ovidius 
trial (n=304) and STEP trial (n=727), both randomised controlled trials investigated ad-
junctive corticosteroid treatment in CAP, and the observational Triple P cohort (n=201). 
Analyses were conducted independently in two cohorts (Ovidius-TripleP combined and 
STEP trial). In both cohorts, differences in clinical outcomes and response to adjunctive 
corticosteroid treatment were examined between subgroups identified through LCA.

Results A two-class model fitted both cohorts best. Class 2 patients had more signs of 
systemic inflammation compared to Class 1. In both cohorts, length of stay was longer 
and in-hospital mortality rate was higher in Class 2. In the Ovidius trial, corticosteroids 
reduced median length of stay in Class 2 (6.5 vs 9.5 days) but not in Class 1 (p-value 
for interaction=0.02). In the STEP trial, there was no significant interaction for length 
of stay. We found no significant interaction between class assignment and adjunctive 
corticosteroid treatment for secondary outcomes.

Conclusions In two independent cohorts, LCA identified two classes of CAP patients 
with different clinical characteristics and outcomes. Given the different response to ad-
junctive corticosteroids in the Ovidius trial, LCA might provide a useful basis to improve 
patient selection for future trials.
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INTRODUCTION

Treatment of community-acquired pneumonia (CAP) is based on early diagnosis and 
prompt initiation of antibiotic therapy.[1] Despite effective treatment, CAP remains a 
leading cause of mortality and morbidity worldwide.[2] Adjunctive treatment with corti-
costeroids might improve clinical outcomes in patients with CAP.[3]

A local immune response is crucial to contain and eliminate the primary infection in 
CAP.[4] However, an uncontrolled or excessive local immune response could result in 
systemic inflammation and subsequent multi-organ dysfunction.[5]

Adjunctive treatment with corticosteroids, a potent inhibitor of the immune response, 
has shown to reduce length of stay (LOS) and time to clinical stability in hospitalised 
patients with CAP.[3] However, corticosteroids did not lower the mortality rate, and 
increased the incidence of hospital readmission and hyperglycaemia requiring insulin 
therapy.[3] Therefore, treatment guidelines do not recommend routine use of cortico-
steroids in patients with CAP.[1]

In a clinically heterogeneous condition as CAP, it is likely that a subgroup of patients does 
benefit from corticosteroid treatment.[6] It has been hypothesised that corticosteroid 
treatment should be given to the subgroup with an excessive systemic inflammation 
response, whereas patients with a local and controlled immune response should not 
receive corticosteroid treatment.[7] So far, patients with CAP have been stratified by 
Pneumonia Severity Index (PSI), initial C-reactive protein concentration, and inflamma-
tory status, but stratification did not result in an unequivocal definition of a subgroup 
benefiting from corticosteroid therapy and therefore did not result in adjustment of 
clinical guidelines.[3, 8-10]

In other heterogeneous conditions such as sepsis or acute respiratory distress syndrome, 
substantial efforts have been made to identify subgroups characterised by different 
prognoses and responses to treatment.[11] In patients with acute respiratory distress 
syndrome, a latent class analysis (LCA) was used to identify subgroups with different 
treatment responses to ventilator and fluid management.[12, 13] The identification of 
patients that are likely to respond to (corticosteroid) treatment, i.e. predictive enrich-
ment, is a step towards personalised medicine and improved patient selection for future 
clinical trials.[14]

In this secondary analysis of three controlled studies, we attempted to identify CAP 
subgroups through LCA of baseline clinical and biomarker data from two randomised 
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controlled trials and one prospective cohort study. In addition, we examined whether 
LCA based subgroups were associated with different clinical outcomes and a different 
response to adjunctive corticosteroids.

MATERIALS AND METHODS

Study population and study design
This is a secondary analysis of demographic, clinical and biomarker data obtained at 
baseline from patients enrolled in the observational Triple P cohort[15], and two multi-
centre randomised controlled trials: the Ovidius trial (NCT00471640)[16] and the STEP 
trial (NCT00973154).[17] All studies included hospitalised adult patients with CAP (see 
supplementary materials).

In the Ovidius trial, patients with CAP were randomly allocated to receive intravenous 
dexamethasone 5mg daily or placebo for four days following hospital admission.[16] 
The STEP trial randomised 727 patients with CAP to either placebo or oral prednisolone 
50mg daily for seven days in the per protocol analysis.[17] LOS, the primary endpoint 
in the Ovidius trial and main secondary endpoint in the STEP trial, was significantly 
reduced in patients assigned to adjunctive treatment with corticosteroids. Details of the 
original studies are published elsewhere.[16, 17]

The Ovidius trial and Triple-P study were approved by the Medical Ethics Committee 
at the St Antonius Hospital. The ethical committees of all participating hospitals and 
Swissmedic approved the STEP trial.

METHODS

Two separate LCAs were performed for the identification of subgroups: one in a com-
bined cohort of Triple P and the Ovidius trial, and one in the STEP trial. The observa-
tional Triple P cohort (n = 201) and the Ovidius trial (n = 304) were combined to obtain a 
larger sample size. We chose to combine these cohorts as the Triple P cohort preceded 
the Ovidius trial and reported similar clinical and biomarker data. The Ovidius trial and 
Triple-P study are two mutually exclusive cohorts. The STEP trial (n = 727) was analysed 
independently as different clinical and biomarker data were recorded.

After identification of subgroups by LCA, differences in clinical outcomes between these 
subgroups and the presence of interaction between treatment allocation and LCA de-
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fined subgroups were assessed separately in both cohorts (Ovidius-TripleP combined 
and STEP). For the Ovidius-TripleP cohort, only patients who participated in the Ovidius 
trial were included in the analysis of the interaction between adjunctive corticosteroids. 
The primary outcome was LOS and secondary outcomes were ICU-admission, in-hospital 
mortality, 30-day mortality, and 30-day hospital readmission.

Statistical analysis
Baseline characteristics of the Ovidius-TripleP combined and STEP cohort were pre-
sented as count (%) for categorical variables, and mean (standard deviation) or median 
(interquartile range, IQR) for continuous variables, after testing for normal distribution. 
Baseline characteristics of both cohorts were compared using an independent samples 
Students t-test, Mann-Whitney U test, or Chi-squared test, as appropriate.

The DepmixS4 package in R 4.0.0 (R core team, 2020) was used to conduct the LCA. 
Baseline clinical and biomarker data obtained at hospital admission were used as class-
defining variables in the LCA. A full list of class defining variables included in the latent 
class analysis for each cohort are shown in the supplementary materials. Assignment 
of patients to classes was performed independently of clinical outcomes. LCA was first 
conducted in the Ovidius-TripleP cohort, and was repeated independently in the STEP 
cohort. Missing data were accommodated by estimating model parameters based on the 
full information maximum likelihood (FIML).[18]

We fitted models with latent classes ranging from two to five classes. To determine the 
best fitting model, we used the following criteria: 1) clinical interpretability, i.e. whether 
identified classes corresponded to clinically coherent clusters of clinical and biomarker 
data; 2) the number of patients assigned to the smallest class, where a model with small 
class size is statistically less meaningful; and 3) the Bayesian Information Criterion, 
where a lower number corresponds with improved model fit. For clinical interpret-
ability, all continuous variables in the LCA were rescaled to a z-scale with a mean of 
zero and standard deviation of 1. Subsequently, clinical interpretability was assessed by 
two authors independently (PZ, HE). Discrepancies were resolved by consensus, and if 
necessary, a third author was consulted.

Once the number of classes was determined, patients were assigned to the class with 
maximum probability of class assignment based on the LCA model. The probability of 
a patient being assigned to a specific class is a weighted average of the N class-specific 
probabilities in latent class analysis, so each patient has probabilities assigned to all 
classes, respectively. For example, a patient with a probability of 90% to be assigned 
to class 1 and 10% probability to be assigned to class 2 was assigned to class 1. Sub-
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sequently, the association between class assignment and baseline characteristics 
or clinical outcomes was tested using Chi-squared, Mann-Whitney U or independent 
samples T-test, as appropriate. Finally, for the Ovidius trial and STEP cohort, we tested 
the interaction between randomly assigned treatment and class on clinical outcomes 
with Poisson regression model for LOS and Chi-squared test for categorical outcomes. A 
p-value <0.05 was deemed statistically significant.

RESULTS

Baseline characteristics
Baseline characteristics of both cohorts are presented in Table 1 and eTable 1. In short, 
patients in the Ovidius-TripleP cohort were younger, had less comorbidities, and had 
higher levels of inflammatory biomarkers as compared to patients in the STEP cohort. 
LOS was longer in the Ovidius-TripleP cohort as compared to the STEP cohort (8.5; 6.0-
13.0 days versus 7.0; 4.0-10.0 days, p-value <0.001). Secondary outcomes were similar 
between both cohorts.

Latent class modelling: identification of number of classes
We fitted latent class models ranging from two to five classes (Table 2). First, we ex-
amined clinical interpretability by plotting class-defining variables for all models and 
assessed whether identified classes corresponded to clinically coherent subgroups 
(Figure 1 & eFigure 1). In both the Ovidius-TripleP and STEP cohort, a two-class model 
resulted in two coherent and distinct clinical classes. Addition of a third, fourth or fifth 
class resulted in further subdivision of patients assigned to Class 2 in the two class 
model, without adding an additional coherent or distinct clinical class. Subsequently, 
we explored the number of patients per subgroup in all models (Table 2). The addition 
of a third class to the two-class model resulted in a smaller third class of 58 patients in 
the Ovidius-TripleP cohort and 72 patients in the STEP cohort. We observed a further 
decline in the number of patients in the smallest class in a four or five-class model. 
Lastly, the Bayesian Information Criterion was lowest in the five-class model in both the 
Ovidius-TripleP cohort and STEP cohort, suggesting a better fit for the five-class model. 
Even though a data driven approach suggested more than two classes, a three class 
model did not result in an evident third clinical entity. Thus, clinical interpretability 
of the two-class models in conjunction with the relatively small number of patients in 
the three, four or five-class models, led us to proceed with the two-class models for 
both cohorts. We will refer to the classes as Class 1 and Class 2 in the remainder of the 
manuscript. For the three class model we show clinical characteristics for each class in 
the supplementary materials.
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Table 1. Baseline characteristics

Ovidius-TripleP cohort (n = 505) STEP cohort (n = 727)

Demographic data

Age (years) 67 (51-78) 73 (60-83)

Male 295 (58.4%) 452 (62.2%)

Caucasian 491 (97.2%) 712 (97.9%)

Duration of symptoms (days) 4 (2-7) 4 (2-7)

Antibiotics at home 130 (25.7%) 164 (22.6%)

Corticosteroids at home 34 (6.7%) 14 (1.9%)

Comorbidities

Nursing home resident 19 (3.8%) 0 (0.0%)

Cerebrovascular accident 46 (9.1%) 67 (9.2%)

Malignancy 45 (8.9%) 70 (9.6%)

Liver disease 2 (0.4%) 28 (3.9%)

Renal disease 40 (7.9%) 218 (30.0%)

Congestive heart failure 68 (13.5%) 134 (18.4%)

Chronic obstructive pulmonary disease 98 (19.4%) 122 (16.8%)

Diabetes mellitus 77 (15.2%) 139 (19.1%)

Current smoker 81 (16.0%) 188 (25.9%)

Pneumonia severity index score 87 (63-114) 90 (64-113)

Outcome

Length of stay (days) 8.5 (6.0-13.0) 7.0 (4.0-10.0)

ICU admission 38 (7.5%) 39 (5.4%)

In-hospital mortality 24 (4.8%) 24 (3.3%)

30-day mortality 26 (5.1%) 28 (3.9%)

Readmission 37 (7.3%) 39 (5.4%)

Data are n (%), mean (SD), or median (IQR).

Table 2. Fit statistics for latent class models from two to five class models

Ovidius-TripleP cohort STEP cohort

Number
of Classes

BIC Number of patients per Class Number
of Classes

BIC Number of patients per Class

1 2 3 4 5 1 2 3 4 5

2 124577.2 411 94 2 116815.7 574 153

3 120741.9 153 58 294 3 106770.5 99 556 72

4 120507.3 61 112 296 36 4 71445.1 24 125 466 112

5 118372.7 33 25 94 108 245 5 70684.5 132 18 44 434 99

BIC Bayesian information criterion
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Figure 1A

Figure 1B

Figure 1
Continuous variables (standardised) by class assignment for the a) Ovidius–TripleP cohort and b) Steroids in Pneumonia 
(STEP) cohort. Differences between the standardised values of each variable by class (y-axis) for the variable shown on 
the x-axis. The variables are sorted by degree of separation between classes: from the maximum positive separation on 
the left (where the standardised value of class 2 is higher than the standardised value of class 1) to the maximum negative 
separation on the right (where the standardised value of class 2 to is lower than the standardised value of class 1). The 
crossover of the lines indicates that the standardised value for this variable was the same for classes 1 and 2 (i.e. no dif-
ference between class 1 and class 2 for this variable). Therefore, variables near the intersection of both lines are similar in 
both classes and thus are not class-defining. The method of variable standardisation is described in the methods section. 
If the standardised value of a certain variable is 1 for a class, it means that the mean value for that variable within that class 
was one standard deviation higher than the mean value for that variable in the whole cohort. LAT: alanine transaminase; 
ASAT: aspartate transaminase; G-CSF: granulocyte colony-stimulating factor; IFN: interferon; IL: interleukin; MCP: mono-
cyte chemoattractant protein; MIP:macrophage inflammatory protein; PaCO2: arterial carbon dioxide tension; PaO2: arterial 
oxygen tension; PSI: pneumonia severity index; TNF: tumour necrosis factor.
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Patients were assigned to the class for which the probability of belonging to that class 
was the highest. Thus al patients in both cohorts were assigned to either class 1 or class 
2. In the Ovidius-TripleP cohort, 411 patients were assigned to Class 1 and 94 to Class 
2. In the STEP cohort, 574 patients and 153 patients were assigned to Class 1 and Class 
2, respectively. Probabilities of class assignment for the two-class model are presented 
in eFigure 2. The average probability of a patient belonging to the class to which it was 
assigned was 99.4% for Class 1 and 98.6% Class 2 in the Ovidius-TripleP cohort, and 
98.7% for Class 1 and 99.1% for Class 2 in the STEP cohort. This indicated good model fit 
and robust class assignment.

Class characteristics
Differences between Class 1 and Class 2 in the Ovidius-TripleP cohort are shown in 
Figure 1A and Table 3. The most noteworthy and clinically relevant differences were 
that patients in Class 2 had higher plasma concentration of IL-1 receptor antagonist, IL-6, 
monocyte chemoattractant protein and tumour necrosis factor alpha compared to Class 
1. Furthermore, patients assigned to Class 2 seemed to have more severe illness seeing 
as they had lower oxygen saturation, lower diastolic blood pressure and had a higher 
PSI score at admission.

Table 3. Values of variables at baseline stratified by class in the Ovidius-TripleP cohort

Variable Class 1 (n = 411) Class 2 (n = 94) No. missing N (%)

Age (years) 67 [51 - 79] 67 [53 - 76] 0 (0)

Alanine transaminase (U/L) 28 [16 - 44] 28 [19 - 55] 152 (30.1)

Albumin (g/L) 37 [33 - 40] 36 [33 - 38] 339 (67.0)

Alkaline phosphatase (U/L) 90 [70 - 130] 90 [61 - 113] 167 (33.1)

Altered mental status§ 47 (11.4) 10 (10.6) 11 (2.2)

Aspartate transaminase (U/L) 34 [23 - 51] 38 [25 - 78]* 153 (30.3)

Bilirubin (µmol/L) 12 [9 -16] 16 [12 – 24]* 199 (39.4)

C-reactive protein (mg/L) 196 [94 - 300] 294 [107 – 389]* 9 (1.8)

Cortisol (nmol/L) § 226.0 [148.0 – 159.1] 446.8 [322.4 – 691.4]* 23 (4.6)

Corticosteroids at home§ 30 (7.5) 4 (4.4) 15 (3.0)

Creatinine (µmol/L) 84 [70 – 106 ] 111 [91 - 157]* 10 (2.0)

Diastolic blood pressure (mmHg) 75 [68 – 83] 70 [60 - 80]* 11 (2.2)

Duration of symptoms (days) 4 [3 – 7 ] 3 [2 - 5]* 16 (3.2)

Glucose (mmol/L) 7.0 [6.0 - 8.3] 7.5 [6.2 - 9.8]* 39 (7.7)

Heart rate (beats per minute) 95 [82 - 109] 110 [87 - 118]* 9 (1.8)

Haematocrit (L/L) 0.40 [0.36 - 0.43] 0.39 [0.37 - 0.43] 17 (3.4)

Haemoglobin (mmol/L) 8.3 [7.6 - 9.0] 8.3 [7.8 - 9.0] 10 (2.0)

Interferon gamma (pg/mL) 202.1 [16.8 - 288.3] 217.8 [10.0 - 354.9] 213 (42.2)

Interleukin-1 receptor antagonist (pg/mL) 102.8 [18.0- 448.4] 1042.5 [204.2 - 4309.2]* 79 (15.6)
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Differences between Class 1 and Class 2 in the STEP Cohort are shown in Figure 1B and 
Table 4. In the STEP-cohort the most noteworthy and clinically relevant differences 
between classes were higher plasma concentrations of tumour necrosis factor alpha, 
interferon beta, IL-6, granulocyte colony stimulating factor and IL-17 in class 2 compared 
to Class 1. Patients in Class 2 also had a higher PSI score compared to Class 1. However 
there was no difference in oxygen saturation, or diastolic blood pressure.

Table 3. Values of variables at baseline stratified by class in the Ovidius-TripleP cohort (continued)

Variable Class 1 (n = 411) Class 2 (n = 94) No. missing N (%)

Interleukin-6 (pg/mL) 51.0 [18.0 - 156.3] 749.7 [101.2 - 2209.7]* 63 (12.5)

Interleukin-5 (pg/mL) 0.54 [0.24 - 0.77] 0.46 [0.26 - 0.61] 333 (65.9)

Interleukin-8 (pg/mL) 14.8 [8.1 - 29.3] 59.5 [32.1 - 152.2]* 56 (11.1)

Interleukin-10 (pg/mL) 3.4 [1.4 - 9.0] 15.9 [5.8 - 79.7]* 94 (18.6)

Interleukin-12 (pg/mL) 7.3 [4.1 - 10.5] 8.3 [5.6 - 11.5] 337 (66.7)

Lactate dehydrogenase (U/L) 328 [252 - 480] 435 [313 - 604]* 212 (42.0)

Legionella species§ 14 (3.4) 6 (6.4) 0 (0)

Leukocyte count (109 cells per L) 13.5 [9.5 - 17.7] 14.9 [10.8 - 20.1] 9 (1.8)

Macrophage inflammatory protein (pg/mL) 6.1 [3.7 - 8.5] 6.8 [4.6 - 10.4] 236 (47)

Male§ 236 (57.4) 59 (62.8) 0 (0)

Monocyte chemoattractant protein (pg/mL) 274.2 [74.7 - 536.6] 918.4 [242.9 - 2463.3]* 46 (9.1)

Oxygen saturation (%) 94 [92 – 97] 94 [88 - 96]* 107 (21.2)

Oxygen therapy§ 70 (17.0) 30 (31.9)* 312 (61.8)

PaO2 (kPa) 8.80 [7.80 - 10.38] 8.40 [7.10 - 9.90]* 124 (24.6)

PaCO2 (kPa) 4.40 [4.10 - 4.90] 4.40 [4.00 - 4.85] 124 (24.6)

pH 7.47 [7.44 - 7.50] 7.46 [7.42 - 7.49] 124 (24.6)

Pleural effusion§ 61 (14.8) 21 (22.3) 9 (1.8)

Pneumonia severity index score 84 [60 - 111] 102 [73 - 126]* 0 (0)

Respiratory rate (breaths per minute) 22 [18 - 30] 25 [20 - 30]* 104 (20.6)

Sodium (mmol/L) 135 [132 - 137] 133 [129 - 137]* 9 (1.8)

S. pneumoniae§ 85 (20.7) 39 (41.5)* 0 (0)

Systolic blood pressure (mmHg) 131 [120 - 146] 126 [112- 145] 11 (2.2)

Temperature (oC) 38.2 [37.4 - 39.0] 38.5 [37.4 - 39.3] 9 (1.8)

Thrombocyte count (109 cells per L) 253 [200 - 317] 237 [177 - 327] 9 (1.8)

Tumour necrosis factor alpha (pg/mL) 5.9 [3.1 - 10.2] 12.4 [6.1 - 29.6]* 224 (44.4)

Urea (mmol/L) 6.4 [4.6 - 9.5] 9.8 [6.3 – 15.2]* 17 (3.4)

Data are shown as Median [IQR] or N (%). * Statistically significant difference between class 1 and class 2. §Non class defin-
ing variables (variable not included in LCA). Missing data is n (%) for whole cohort.
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Table 4. Values of variables at baseline stratified by class in the STEP cohort

Class 1
(n = 574)

Class 2
(n = 153)

No. missing
N (%)

Altered mental status§ 33 ( 5.7) 13 ( 8.5) 0 (0)

C-reactive protein (mg/L) 155 [74 - 247] 171 [93 - 268] 7 (1)

Creatinine (µmol/L) 86 [68 - 109] 98 [72 - 132]* 6 (0.8)

Diastolic blood pressure (mmHg) 70 [60 - 78] 66 [59 - 75] 4 (0.6)

Duration of symptoms (days) 4 [2 - 7] 4 [2 - 7] 17 (2.3)

Glucose (mmol/L) 6.4 [5.5 - 7.7] 6.0 [5.5 - 7.3] 179 (24.6)

Granulocyte colony stimulating factor (pg/mL) 7.0 [7.0 - 8.7] 21.1 [9.3 - 59.3]* 55 (7.6)

Heart rate (beats per minute) 83 [72 - 95] 84 [71 - 101] 4 (0.6)

Interferon alpha (pg/mL) 0.24 [0.24 - 0.33] 0.56 [0.30 - 1.02]* 55 (7.6)

Interferon beta (pg/mL) 22.7 [14.5 – 34.0] 41.3 [22.0 - 74.1]* 55 (7.6)

Interferon gamma (pg/mL) 2.8 [2.8 - 2.8] 2.8 [2.8 - 4.6]* 55 (7.6)

Interleukin-1 beta (pg/mL) 1.0 [1.0 - 1.0] 1.0 [1.0 - 2.8]* 55 (7.6)

Interleukin-1 receptor antagonist (pg/mL) 33.0 [33.0 - 551.5] 1280.1 [33.0 - 6244.1]* 55 (7.6)

Interleukin-2 (pg/mL) 4.4 [4.4 - 4.4] 4.4 [4.4 - 4.4]* 55 (7.6)

Interleukin-4 (pg/mL) 5.5 [5.5 - 5.5] 5.5 [5.5 - 24.4]* 55 (7.6)

Interleukin-6 (pg/mL) 40.6 [14.6 - 102.5] 172.0 [59.7 - 748.4]* 55 (7.6)

Interleukin-8 (pg/mL) 3.9 [1.9 - 9.7] 19.8 [6.6 - 46.1]* 55 (7.6)

Interleukin-10 (pg/mL) 0.9 [0.7 - 1.4] 2.2 [1.3 - 4.8]* 55 (7.6)

Interleukin-12 (pg/mL) 1.1 [1.1 - 1.4] 2.2 [1.3 - 3.7]* 55 (7.6)

Interleukin-13 (pg/mL) 1.3 [1.3 - 1.3] 2.4 [1.3 - 8.8]* 55 (7.6)

Interleukin-17 (pg/mL) 0.57 [0.57 - 0.57] 0.87 [0.57 - 1.86]* 55 (7.6)

Legionella species§ 11 (1.9) 3 (2.0) 102 (14.0)

Leukocyte count (109 cells per L) 11.9 [8.7 - 15.6] 12.2 [9.2 - 15.8] 4 (0.6)

Male§ 345 (60.1) 107 (69.9)* 0 (0)

Monocyte chemoattractant protein (pg/mL) 39.8 [25.5 - 70.1] 66.6 [37.2 - 242.9]* 55 (7.6)

Neutrophil count (109 cells per L) 9.8 [6.9 - 13.2] 10.2 [7.4 - 13.3] 64 (9.7)

Oxygen saturation (%) 95 [92 - 96] 94 [92 - 96] 25 (3.4)

Oxygen therapy§ 298 (51.9) 79 (51.6) 6 (0.8)

Pleural effusion§ 65 (11.3) 18 (11.8) 0 (0)

Pneumonia severity index score 88 [63 - 111] 98 [74 - 131]* 0 (0)

Procalcitonin (ng/mL) 0.39 [0.16 - 1.68] 1.14 [0.28 - 10.35]* 133 (18.3)

Respiratory rate (breaths per minute) 20 [18 - 24] 20 [17 - 24] 136 (18.7)

S. pneumoniae§ 75 (13.1) 31 (20.3)* 104 (14.3)

Tumour necrosis factor alpha (pg/mL) 1.8 [1.8 - 1.9] 2.7 [1.8 - 4.0]* 55 (7.6)

Urea (mmol/L) 6.6 [4.8 – 10.0] 7.9 [5.4 - 13.4]* 37 (5.1)

Data are shown as Median [IQR] or N (%).* Statistically significant difference between class 1 and class 2. §Non class defin-
ing variables (variable not included in LCA). Missing data is n (%) for whole cohort.
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Class prediction with a small number of variables
In order to determine whether classes could be identified based on a reduced number 
of variables, we tested a three variable model including variables available for both 
cohorts and differing most between classes (IL-6, TNF-α and oxygen saturation at hos-
pital admission). An Area under the curve (AUC) was calculated to evaluate this reduced 
model compared to the full model. The AUC was 0.78 and 0.65 respectively for the 
Ovidius-TripleP cohort and STEP cohort. Contingency tables comparing class member-
ship between reduced and full model are shown in the supplementary material (eTable 
2).

Association between class and clinical outcomes
Subsequently, we assessed clinical outcomes in both classes (Table 5). In the Ovidius-
TripleP cohort, patients in Class 2 had a significantly longer LOS (10.5; 6.5-16.0 days 
versus 8.0; 6.0-12.0 days, p-value <0.01) and higher rate of ICU admissions. In-hospital 
mortality and 30-day mortality rates were significantly higher in Class 2. Similar results 
were observed in the STEP cohort, as patients in Class 2 had longer LOS (7.0; 5.0-12.0 
days versus 7.0; 4.0-10.0 days, p-value <0.01), and higher in-hospital mortality rate 
(Table 5).

Effect of corticosteroids on outcome stratified by class
Lastly, we used the data from the Ovidius trial and the STEP cohort to determine whether 
classes responded differently to randomly assigned adjunctive treatment with cortico-

Table 5. Association between class assignment and clinical outcomes

Ovidius-TripleP cohort

Clinical outcome Class 1 (n = 411) Class 2 (n = 94) p-value

Length of stay (days) 8.0 (6.0-12.0) 10.5 (6.5-16.0) <0.01

ICU admission 16 (3.9%) 22 (23.4%) <0.01

In-hospital mortality 14 (3.4%) 10 (10.6%) 0.01

30-day mortality 15 (3.6%) 11 (11.7%) <0.01

Readmission 29 (7.1%) 8 (8.5%) 0.79

STEP cohort

Clinical outcome Class 1 (n = 574) Class 2 (n = 153) p-value

Length of stay (days) 7.0 (4.0-10.0) 7.0 (5.0-12.0) <0.01

ICU admission 28 (4.9%) 11 (7.2%) 0.35

In-hospital mortality 13 (2.3%) 11 (7.2%) <0.01

30-day mortality 18 (3.1%) 10 (6.5%) 0.09

Readmission 30 (5.2%) 9 (5.9%) 0.91

Data are N (%) or median (IQR). ICU intensive care unit.
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steroids (Table 6). In the Ovidius trial, dexamethasone reduced LOS in patients assigned 
to Class 2 (6.5; 5.5-10.0 days versus 9.5; 5.0-14.5 days), whereas LOS was similar between 
treatment groups in Class 1 (p-value for interaction 0.02). In the STEP cohort, there was 
no significant interaction for LOS between class assignment and adjunctive treatment 
with corticosteroids. In both cohorts, we found no significant interaction for secondary 
outcomes between class assignment and adjunctive treatment with corticosteroids.

DISCUSSION

In this secondary analysis of three controlled studies, LCA identified two distinct classes 
of CAP patients with different biomarker profiles, clinical characteristics and clinical 
outcomes. Classes were identified in two independent cohorts, despite multiple signifi-
cant differences in baseline characteristics between cohorts. In the Ovidius trial, adjunc-
tive treatment with corticosteroids reduced LOS only in patients assigned to Class 2. 
We found no differential treatment response for length of stay in the STEP cohort or for 
secondary outcomes in both cohorts.

Table 6. Differential response to adjunctive corticosteroid treatment by latent class assignment

Ovidius trial

Class 1 (n = 251) Class 2 (n = 52)

Corticosteroid
(n = 124)

Placebo
(n= 128)

Corticosteroid
(n = 27)

Placebo
(n = 25)

p-value*

Length of stay (days) 6.5 (5.0-8.5) 7.5 (5.5-10.5) 6.5 (5.5-10.0) 9.5 (5.0-14.5) 0.02

ICU admission 4 (3.2) 4 (3.1) 3 (11.1) 6 (24.0) 0.64

In-hospital mortality 7 (5.6) 3 (2.3) 1 (3.7) 5 (20.0) 0.12

30-day mortality 7 (5.6) 4 (3.1) 2 (7.4) 5 (20.0) 0.33

Readmission 6 (4.8) 4 (3.1) 1 (3.7) 3 (12.0) 0.56

STEP cohort

Class 1 (n = 574) Class 2 (n = 153)

Corticosteroid
(n = 285)

Placebo
(n= 289)

Corticosteroid
(n = 77)

Placebo
(n = 76)

p-value*

Length of stay (days) 6.0 (4.0-9.0) 7.0 (5.0-10.0) 7.0 (4.0-11.0) 8.0 (5.0-13.3) 0.46

ICU admission 11 (3.9) 17 (5.9) 6 (7.8) 5 (6.6) 0.61

In-hospital mortality 8 (2.8) 5 (1.7) 5 (6.5) 6 (7.9) 0.71

30-day mortality 11 (3.9) 7 (2.4) 4 (5.2) 6 (7.9) 0.50

Readmission 21 (7.4) 9 (3.1) 5 (6.5) 4 (5.3) 0.69

Data are N (%) or median (IQR). *p-value for interaction between class assignment and corticosteroid treatment. ICU in-
tensive care unit.
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In both cohorts, Class 2 was characterised by higher concentrations of inflammatory 
biomarkers, creatinine, and higher PSI scores. Additionally, patients assigned to Class 
2 in the Ovidius-TripleP cohort had lower oxygen saturation, lower diastolic blood 
pressure, and higher incidence of oxygen therapy. In contrast, patients in Class 1 were 
characterised by lower concentrations of inflammatory plasma biomarkers and lower 
PSI scores. Furthermore, in the Ovidius-TripleP cohort, cortisol was also higher in Class 2 
compared to Class 1, we assume this is explained by the fact patients with more inflam-
mation have an higher activation of the HPA axis and thus higher cortisol levels than 
patients with lower levels of systemic inflammation because they are more severely ill. 
Moreover, in both cohorts, LOS was longer, and incidence of ICU admissions and mortal-
ity rates were higher in Class 2. Thus, patients in Class 2 had a stronger systemic inflam-
matory response, whereas patients in Class 1 had fewer signs of systemic inflammation. 
Patients in Class 2 were more likely to benefit from the anti-inflammatory effects of 
corticosteroids, whereas the patients assigned to Class 1 were less likely to benefit from 
the anti-inflammatory effects, at a similar risk of adverse effects.

Corticosteroids reduced length of stay in patients with CAP in the Ovidius trial and in 
the STEP trial.[16, 17] An individual patient data meta-analysis enrolling data from six 
randomized controlled trials comparing corticosteroids with placebo in 1506 patients 
with CAP, including the Ovidius trial and STEP trial, confirmed that adjunctive treatment 
with corticosteroids reduced LOS.[3] In this meta-analysis, however, the authors could 
not identify patient subgroups more likely to benefit from corticosteroids based on PSI 
score (PSI class 1-3 versus PSI class 4-5), initial C-reactive protein concentration (cut-off 
188mg/L), initial ICU admission, or systemic inflammatory response syndrome criteria. 
However, in a clinically heterogeneous condition as CAP, it is unlikely that all patients 
benefit equally from corticosteroids.[9, 14]

In the Ovidius trial, we found that patients assigned to Class 2 who were treated with 
corticosteroids showed a significant reduction in LOS, whereas corticosteroids did not 
reduce LOS in patients assigned to Class 1. These results suggest that the subgroup 
of CAP patients with signs of a systemic inflammatory response benefit from cortico-
steroids and patients with a less pronounced systemic inflammatory response do not. 
However, these results could not be verified in the STEP cohort, even though PSI score 
was similar between both cohorts. A possible explanation is that LCAs were performed 
separately in the Ovidius-Triple-P cohort and STEP-cohort and included a different set 
of class defining variables for each cohort (Figure 1) because available biomarkers dif-
fered between both cohorts. Thus the LCA models were not identical in both cohorts. 
Furthermore, concentrations of inflammatory biomarkers were higher at baseline in the 
Ovidius cohort compared to the STEP cohort, indicating a more pronounced inflamma-
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tory response in the Ovidius cohort that corticosteroids could inhibit. The reduced three 
variable model - consisting of IL-6, TNF-α, and oxygen saturation – showed that the AUC 
for class assignment was higher in the Ovidius-TripleP cohort as compared to the STEP 
cohort. This also suggests that the Ovidius-TripleP cohort relies more on inflammatory 
response. Adding to the above, in the STEP cohort disease severity, defined by PSI score, 
was mainly influenced by higher age and more comorbidities, whereas in the Ovidius 
cohort PSI score was mainly influenced by clinical characteristics and biomarker data 
indicative of more severe disease. Consequently, clinical variables at baseline did not 
differ between Class 1 and Class 2 in the STEP cohort, whereas clinical variables at 
baseline did differ between classes in the Ovidius cohort. Other explanations might be 
the difference in corticosteroid therapy (dexamethasone versus prednisolone), or the 
shorter LOS in the STEP cohort (median 8.5; 6.0-13.0 days in Ovidius cohort versus 7.0; 
4.0-10.0 days in STEP cohort) making potential differences between classes in the STEP 
cohort more difficult to detect.

Inflammatory biomarkers contributed more to the determination of classes than clinical 
data, including C-reactive protein, procalcitonin or leukocyte count. These results sug-
gest that the inflammatory biomarkers were able to identify aspects of CAP pathophysi-
ology that otherwise remained hidden in routinely collected clinical data.

This study has several limitations. First, LCA model selection and interpretation often 
involves a level of subjectivity.[19] We decided to select a two-class model instead of 
more classes based on clinical interpretability and the number of patients assigned to 
the smallest class. Hypothetically, a third class or even a fourth class could have been 
forced in by generating a smaller cluster of patients with a more extreme set of variables. 
However, a three or more class model did not result in additional groups with more 
extreme variables, but in mixed classes without a coherent clinical pattern. Second, we 
assumed patients in Class 2 to have a systemic inflammatory response and patients 
in Class 1 to have a more controlled inflammatory response based on distribution of 
inflammatory biomarkers in plasma. We did not measure the pulmonary response and 
therefore do not know whether inflammation is indeed contained locally in patients 
assigned to Class 1. We refrained from using terms as hyperinflammatory or hypoin-
flammatory, previously proposed in subgroups of patients with ARDS, as all patients are 
admitted because of CAP, which can hardly be considered a hypoinflammatory condi-
tion.[20, 21] Third, this is a secondary analysis which requires prospective validation 
before definitive conclusions regarding patient subgroup identification and adjunctive 
corticosteroid treatment can be drawn. Fourth, LOS was calculated from day of hospital 
admission to day of discharge or day of in-hospital death. Thus LOS was underestimated 
in patients that died during hospital admission. However, in both cohorts, in-hospital 
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mortality rate was higher in Class 2 as compared to Class 1. If reported LOS were an 
underestimation this would mainly be the case in Class 2 and difference in LOS between 
classes would be even larger than reported. Fifth, the clinical and biomarker data used 
in this analysis was limited to the data available for both cohorts and to data obtained 
at time of hospital admission. As the aim of data collection for the original studies was 
to calculate the PSI score, clinical data used in the LCA resembled the PSI score to some 
extent and PSI score differed significantly between Class 1 and Class 2 in both cohorts. 
However, the classes identified by LCA were largely based on biomarker data and thus 
captured different subgroups of patients than classes based on PSI score only. Lastly, 
because data was obtained at time of hospital admission, it is unknown whether identi-
fied classes remained stable later during the course of CAP.

To our knowledge, this is the first study that identified CAP subgroups through LCA. 
Because the present study is a proof-of-concept study, our results are not directly appli-
cable for daily clinical practice. Future studies should include validation of our findings 
in a third independent cohort, after which a clinically useful model with limited number 
of variables should be developed to ensure applicability. Lastly, validation of these 
clinical models in predicting response to treatment should be assessed in prospective 
studies.

In conclusion, we identified two classes of CAP patients with different clinical char-
acteristics, inflammatory profiles and clinical outcomes in two independent cohorts. 
Furthermore, in the Ovidius trial, adjunctive treatment with corticosteroids reduced 
LOS only in the patients assigned to Class 2 and not in the patients assigned to Class 1. 
Given the different response to adjunctive treatment in subgroups in the Ovidius cohort, 
identification of subgroups might provide a useful basis for improved patient selection 
in future clinical trials.
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1. METHODS

Definition of CAP
CAP was defined as a new pulmonary infiltrate on chest x-ray, accompanied by at least 
one of the following criteria: cough, sputum, temperature >38oC (or <35oC), ausculta-
tory findings consistent with pneumonia, C-reactive protein >15 mg/L, leukocyte count 
>10x109 cells/L or <4x109 cells/L, or >10% bands in leucocyte differentiation.[1, 2]

Systemic biomarkers
Systemic concentrations of inflammatory biomarkers were measured in plasma 
samples obtained on the day of hospital admission before administration of any study 
medication. Samples were stored at -80oC. Analysis was performed using multiplex 
multi-analyte profiling (Millipore, Billerica, USA), as described previously.[3, 4] Different 
biomarker panels were used in the Ovidius-TripleP cohort and the STEP cohort (Table 1).
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5. eTable 1 Baseline characteristics Ovidius-TripleP cohort and STEP cohort

Ovidius-TripleP cohort (n = 505) STEP cohort (n = 727)

Demographic data

Age (years) 67 (51-78) 73 (60-83)

Male 295 (58.4%) 452 (62.2%)

Caucasian 491 (97.2%) 712 (97.9%)

Duration of symptoms (days) 4 (2-7) 4 (2-7)

Antibiotics at home 130 (25.7%) 164 (22.6%)

Corticosteroids at home 34 (6.7%) 14 (1.9%)

Comorbidities

Nursing home resident 19 (3.8%) 0 (0.0%)

Cerebrovascular accident 46 (9.1%) 67 (9.2%)

Malignancy 45 (8.9%) 70 (9.6%)

Liver disease 2 (0.4%) 28 (3.9%)

Renal disease 40 (7.9%) 218 (30.0%)

Congestive heart failure 68 (13.5%) 134 (18.4%)

Chronic obstructive pulmonary disease 98 (19.4%) 122 (16.8%)

Diabetes mellitus 77 (15.2%) 139 (19.1%)

Current smoker 81 (16.0%) 188 (25.9%)

Clinical data

Altered mental status* 57 (11.3%) 46 (6.3%)

Pleural effusion 82 (16.2%) 86 (11.8%)

Systolic blood pressure (mmHg) 130 (118-146) 124 (110-140)

Diastolic blood pressure (mmHg) 75 (66-82) 69 (60-78)

Heart rate (beats per minute) 97 (84-111) 83 (72-96)

Respiratory rate (breaths per minute) 24 (20-30) 20 (18-24)

Temperature (oC) 38.2 (37.4-39.0) 37.6 (37.0-38.2)

Oxygen saturation (%) 94 (91-97) 94 (92-96)

Oxygen therapy (yes/no) 100 (19.8%) 377 (51.9%)

Oxygen therapy (L/min) 1 (0-4) 2 (2-4)

Pneumonia severity index score 87 (63-114) 90 (64-113)

Routine laboratory data

Leukocyte count (109 cells per L) 13.8 (9.7-18.4) 12.0 (8.8-15.6)

Neutrophil count (109 cells per L) - 9.9 (6.9-13.3)

Thrombocyte count (109 cells per L) 250 (197-318) -

C-reactive protein (mg/L) 210 (95-317) 160 (79-249)

Procalcitonin (ng/mL) - 0.46 (0.17-2.50)
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5. eTable 1 Baseline characteristics Ovidius-TripleP cohort and STEP cohort (continued)

Ovidius-TripleP cohort (n = 505) STEP cohort (n = 727)

Haematocrit (L/L) 0.40 (0.37-0.43) -

Haemoglobin (mmol/L) 8.3 (7.6-9.0) -

Urea (mmol/L) 6.8 (4.8-10.2) 6.9 (4.9-10.4)

Creatinine (µmol/L) 90 (71-112) 88 (69-113)

Sodium (mmol/L) 134 (131-137) 137 (134-139)

Glucose (mmol/L) 7.1 (6.0-8.6) 7.3 (6.3-8.9)

pH 7.47 (7.44-7.49) -

PaO2 (kPa) 8.7 (7.7-10.3) -

PaCO2 (kPa) 4.4 (4.1-4.9) -

Alkaline phosphatase (U/L) 90 (68-127) -

Aspartate transaminase (U/L) 35 (23-52) -

Alanine transaminase (U/L) 28 (17-45) -

Lactate dehydrogenase (U/L) 351 (255-518) -

Bilirubin (µmol/L) 13 (9-17) -

Albumin (g/L) 37 (33-39) 32 (28-36)

Biomarker data

Interleukin-1 receptor antagonist (pg/mL) 163.8 (25.1-694.7) 33.0 (33.0-1126.5)

Interleukin-1 beta (pg/mL) - 1.0 (1.0-1.0)

Interleukin-2 (pg/mL) - 4.4 (4.4-4.4)

Interleukin-4 (pg/mL) - 5.5 (5.5-5.5)

Interleukin-5 (pg/mL) 0.5 (0.3-0.7) -

Interleukin-6 (pg/mL) 72.0 (22.5-248.7) 52.0 (19.0-142.8)

Interleukin-8 (pg/mL) 18.9 (9.1-42.6) 5.0 (2.0-13.0)

Interleukin-10 (pg/mL) 4.5 (1.6-14.2) 1.0 (0.7-1.9)

Interleukin-12 (pg/mL) 7.4 (4.3-10.8) 1.2 (1.1-1.7)

Interleukin-13 (pg/mL) - 1.3 (1.3-1.3)

Interleukin-17 (pg/mL) - 0.6 (0.6-0.6)

Tumor necrosis factor alpha (pg/mL) 6.7 (3.6-12.4) 1.7 (1.7-2.3)

Interferon alpha (pg/mL) - 0.3 (0.3-0.4)

Interferon beta (pg/mL) - 24.0 (15.0-41.0)

Interferon gamma (pg/mL) 205.9 (12.8-298.6) 2.8 (2.8-2.8)

Monocyte chemoattractant protein (pg/mL) 317.6 (88.5-654.2) 43.0 (27.0-84.8)

Macrophage inflammatory protein (pg/mL) 6.3 (3.9-8.8) -

Granulocyte colony stimulating factor (pg/mL) - 7.0 (7.0-13.0)

Causative microorganism

S. pneumoniae 124 (24.6) 106 (14.6)

H. influenzae 27 (5.3) -
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5. eTable 1 Baseline characteristics Ovidius-TripleP cohort and STEP cohort (continued)

Ovidius-TripleP cohort (n = 505) STEP cohort (n = 727)

Legionella species 20 (4.0) 13 (1.8)

C. burnetii 28 (5.5) -

Other 96 (19.0) -

None identified 210 (41.6) -

Outcome

Length of stay (days) 8.5 (6.0-13.0) 7.0 (4.0-10.0)

ICU admission 38 (7.5%) 39 (5.4%)

In-hospital mortality 24 (4.8%) 24 (3.3%)

30-day mortality 26 (5.1%) 28 (3.9%)

Readmission 37 (7.3%) 39 (5.4%)

Data are n (%), mean (SD), or median (IQR). * Defined as a state of awareness that differed from the normal awareness of a 
conscious person, scored by the attending physician.

6. eTable 2 Contingency tables comparing class membership in the reduced model and the full model for Ovidius-TripleP 
cohort and STEP cohort

Ovidius-TripleP
Full model 

Class 1 Class 2

Reduced model 
Class 1 343 26

Class 2 68 68

STEP
Full model 

Class 1 Class 2 

Reduced model 
Class 1 515 90 

Class 2 59 63 

Data are numbers of patients
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7. Clinical characteristics for each class for a three-class model in Ovidius-TripleP and STEP cohort
eTable 3 Values of variables at baseline stratified by class in the Ovidius-TripleP cohort

Variable Class 1 (n=153) Class 2 (n=58) Class 3 (n=294)
Temperature (oC) 38.4 [37.4 - 39.1] 38.3 [37.4 - 39.2] 38.1 [37.4 - 39.0]
Leukocyte count (109 cells per L) 15.7 [11.1- 20.6] 13.6 [9.2- 18.5] 12.6 [9.4- 16.6]
C-reactive protein (mg/L) 235 [90 - 352] 297 [110- 428] 190 [97 - 271]
Age (years) 72 [60- 81] 66 [41- 76] 63 [50 - 76]
Systolic blood pressure (mmHg) 126 [112- 146] 127 [112 - 143] 134 [120 - 147]
Diastolic blood pressure (mmHg) 70 [62 - 79] 70 [60 - 80] 77 [70 - 85]
Heart rate (beats per minute) 100 [84 - 113] 110 [99 - 126] 94 [82 - 107]
Respiratory rate (breaths per minute) 25 [20 - 30] 25 [20 - 30] 20 [18 - 30]
Haematocrit (L/L) 0.39 [0.36- 0.43] 0.40 [0.37- 0.43] 0.40 [0.37- 0.43]
Urea (mmol/L) 9.0 [6.3 – 13.7] 9.8 [6.4- 15.3] 5.7 [4.3 - 8.4]
Sodium (mmol/L) 134 [131 - 137] 133 [130 - 137] 135 [132 - 137]
Glucose (mmol/L) 7.3 [6.1 - 9.1] 7.4 [6.2- 8.6] 7.0 [6.0 - 8.3]
PaO2 (kPa) 8.70 [7.50 - 10.80] 8.40 [7.68- 9.50] 8.90 [7.90-10.22]
PaCO2 (kPa) 4.40 [4.10 - 5.10] 4.55 [4.00 - 4.93] 4.40 [4.00 - 4.73]
Creatinine (µmol/L) 99 [81 - 134] 107 [83 - 139] 82 [68 - 100]
Alkaline phosphatase (U/L) 86 [64 - 115] 80 [61 - 110] 96 [71 - 137]
Aspartate transaminase (U/L) 32 [24- 43] 47 [24 - 81] 35 [23 - 60]
Alanine transaminase (U/L) 22 [15 - 33] 28 [20 - 45] 32 [18 - 58]
Lactate dehydrogenase (U/L) 370 [265 - 489] 435 [304 - 547] 326 [248- 502]
Bilirubin (µmol/L) 13 [9 - 16] 18 [14 - 26] 12 [9 - 17]
Albumin (g/L) 37 [33 - 40] 35 [31 - 37] 37 [34 - 39 ]
Haemoglobin (mmol/L) 8.2 [7.5- 9.0 ] 8.3 [7.8 - 9.0] 8.4 [7.6 - 9.1]
Thrombocyte count (109 cells per L) 261 [197 - 315 ] 228 [177 - 292] 250 [201 - 324]
Oxygen saturation (%) 93 [90 - 97] 94 [91 - 96] 95 [92 - 97]
Duration of symptoms (days) 3 [2 - 5] 4 [2 - 6] 5 [3 - 7]
Interleukin-1 receptor antagonist (pg/mL) 387.9 [72.9- 1538.6] 1937.5 [628.4- 5823.8] 56.4 [11.4- 242.2]
Interleukin-6 (pg/mL) 220.6 [73.1 - 697.7] 1427.2 [258.1 - 2922.7] 35.6 [15.0 - 81.7]
Interleukin-8 (pg/mL) 37.2 [19.5 - 60.9] 113.6 [42.6 - 267.0] 11.5 [6.6 - 19.1]
Interleukin-10 (pg/mL) 11.1 [3.8- 28.9] 55.6 [10.9- 179.6] 2.2 [1.1- 4.8]
Pneumonia severity index score 106 [76 - 129] 95 [70 - 123] 77 [56 - 102]
Tumour necrosis factor alpha (pg/mL) 9.9 [6.5- 16.2] 32.2 [11.1- 49.0] 5.1 [2.6- 7.7]
Interferon gamma (pg/mL) 239.1 [21.2- 312.5] 195.0 [8.5- 406.7] 182.9 [17.1- 266.9]
Monocyte chemoattractant protein (pg/mL) 462.4 [143.9- 1122.0] 1957.5 [327.3- 3124.5] 226.9 [56.3- 425.0]
Macrophage inflammatory protein (pg/mL) 7.2 [4.9- 9.3] 7.2 [5.2- 12.2] 5.4 [3.4- 7.2]
Interleukin-12 (pg/mL) 9.3 [5.1 - 12.3] 8.5 [5.6 - 11.7] 6.5 [3.8- 10.0]
Interleukin-5 (pg/mL) 0.54 [0.32- 0.81] 0.42 [0.22- 0.60] 0.52 [0.23- 0.67]
pH 7.45 [7.42 - 7.48] 7.45 [7.42 - 7.48] 7.48 [7.45 - 7.50]
Cortisol (nmol/L) 328.6 [225.7 - 540.3] 526.7 [339.3 - 774.7] 195.8 [133.6 - 305.2]
Altered mental status 26 (17.0) 4 (6.9) 27 (9.2)
Pleural effusion 29 (19.0) 15 (25.9) 38 (12.9)
Oxygen therapy 43 (28.1) 18 (31.0) 39 (13.3)
Female 67 (43.8) 23 (39.7) 120 (40.8)

Data are n (%) or mean (SD).
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eTable 4 Values of variables at baseline stratified by class in the STEP cohort

Variable Class 1 (n=99) Class 2 (n=556) Class 3 (n=72)

C-reactive protein (mg/L) 190 [72 - 294] 168 [81 - 250] 127 [67 - 210]

Diastolic blood pressure (mmHg) 65 [57 - 72] 70 [60 - 78] 69 [60 - 80]

Heart rate (beats per minute) 88 [72 - 104] 84 [73 - 95] 82 [70 - 95]

Respiratory rate (breaths per minute) 22 [18 - 26] 20 [18 - 24] 20 [16 - 24]

Urea (mmol/L) 9.3 [6.4 - 14.8] 6.6 [4.8 - 9.8] 7.0 [4.5 - 9.9]

Glucose (mmol/L) 6.5 [5.6 - 7.7] 6.5 [5.7 - 7.8] 5.8 [5.2 - 6.5]

Creatinine (µmol/L) 109 [85 - 177] 86 [67 - 108] 84 [70 - 106]

Leukocyte count (109 cells per L) 11.5 [7.4 - 17.1] 12.0 [8.7 - 15.9] 12.1 [9.3 - 14.6]

Oxygen saturation (%) 94 [92 - 97] 95 [92 - 96] 94 [92 - 96]

Pneumonia severity index score 106 [78 - 141] 89 [63 - 111] 82 [63 - 105]

Duration of symptoms (days) 4 [2 - 7] 4 [2 - 7] 4 [2 - 6]

Granulocyte colony stimulating factor (pg/mL) 33.0 [13.0 – 114.3] 7.0 [7.0 – 8.0] 14.0 [7.0 – 22.5]

Interferon alpha (pg/mL) 0.67 [0.39 - 1.24] 0.25 [0.25 - 0.30] 0.51 [0.27 - 1.10]

Interferon beta (pg/mL) 58.0 [34.0 - 106.5] 22.0 [14.0 – 33.0] 30.0 [17.0 – 55.0]

Interferon gamma (pg/mL) 2.8 [2.8 - 3.8] 2.8 [2.8 - 2.8] 2.8 [2.8 - 4.2]

Interleukin-1 beta (pg/mL) 1.0 [1.0 - 1.3] 1.0 [1.0 – 1.0] 1.0 [1.0 - 3.5]

Interleukin-1 receptor antagonist (pg/mL) 5375.0 [1466.0 - 11687.3] 33.0 [33.0 – 495.0] 33.0 [33.0 – 733.0]

Interleukin-10 (pg/mL) 3.2 [2.1 - 13.1] 0.9 [0.6 - 1.3] 1.5 [1.0 - 2.7]

Interleukin-12 (pg/mL) 1.8 [1.1 - 2.8] 1.1 [1.1 - 1.4] 2.0 [1.2 - 4.5]

Interleukin-13 (pg/mL) 1.3 [1.3 - 2.5] 1.3 [1.3 - 1.3] 4.0 [1.3 - 13.3]

Interleukin-17 (pg/mL) 0.6 [0.6 - 1.4] 0.6 [0.6 - 0.6] 0.8 [0.6 - 1.7]

Interleukin-2 (pg/mL) 4.4 [4.4 - 4.4] 4.4 [4.4 - 4.4] 4.4 [4.4 - 4.4]

Interleukin-4 (pg/mL) 5.5 [5.5 - 6.9] 5.5 [5.5 - 5.5] 9.0 [5.5 – 32.6]

Interleukin-6 (pg/mL) 540.5 [125.5 - 1422.5] 41.0 [15.0 – 97.0] 73.0 [28.5 - 170.5]

Interleukin-8 (pg/mL) 39.0 [17.8 – 81.0] 4.0 [2.0 – 9.0] 7.0 [4.0 - 16.5]

Monocyte chemoattractant protein (pg/mL) 168.0 [71.3 - 400.3] 39.0 [25.0 – 66.0 ] 45.0 [27.0 - 74.5]

Tumour necrosis factor alpha (pg/mL) 2.8 [1.7 - 3.9] 1.7 [1.7 - 1.8] 2.5 [1.7 - 3.5]

Procalcitonin (ng/mL) 3.00 [0.60 - 26.36] 0.38 [0.16 - 1.88] 0.39 [0.16 - 1.14]

Neutrophil count (109 cells per L) 10.8 [6.6 - 15.4] 9.8 [6.9 - 13.3] 10.1 [7.6 - 12.1]

Altered mental status 8 ( 8.1) 31 ( 5.6) 7 ( 9.7)

Pleural effusion 8 (8.1) 58 (10.4) 17 (23.6)

Oxygen therapy 60 (60.6) 264 (47.5) 53 (73.6)

Female 31 (31.3) 206 (37.1) 38 (52.8)

Data are n (%) or mean (SD).
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eTable 5. Association between class assignment and clinical outcomes

Ovidius-TripleP cohort

Clinical outcome Class 1 (n = 153) Class 2 (n = 58) Class 3 (n = 294) p-value

Length of stay (days) 9.0 (7.0-14.0) 10.3 (6.0-23.8) 8.0 (5.5-11.5) <0.01

ICU admission 12 (7.8) 14 (24.1) 12 (4.1) <0.01

In-hospital mortality 11 (2.7) 6 (10.3) 7 (2.4) <0.01

30-day mortality 13 (8.5) 6 (10.3) 7 (2.4) <0.01

Readmission 11 (7.2) 4 (6.9) 22 (7.5) 0.98

STEP cohort

Clinical outcome Class 1 (n = 99) Class 2 (n = 556) Class 3 (n = 72) p-value

Length of stay (days) 8.0 (5.0-13.0) 7.0 (4.0-10.0) 7.0 (5.0-10.3) <0.01

ICU admission 12 (12.1) 26 (4.7) 1 (1.4) <0.01

In-hospital mortality 11 (11.1) 11 (2.0) 2 (2.8) <0.01

30-day mortality 10 (10.1) 16 (2.9) 2 (2.8) <0.01

Readmission 8 (8.1) 27 (4.9) 4 (5.6) 0.42

Data are N (%) or median (IQR). ICU intensive care unit.
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INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a hypoxemic syndrome primarily 
treated with supportive mechanical ventilation. Although mechanical ventilation is life-
saving, it causes ventilation induced lung injury (VILI). Therefore, the goal of mechanical 
ventilation is to achieve adequate gas exchange while minimizing lung injury. Multiple 
mechanical ventilation strategies have been developed to limit VILI. These strategies 
are based on the pathophysiological concept that alveolar overdistention, shear-stress, 
and atelectrauma (i.e. the cyclical opening and closing of unstable alveoli) are possible 
mechanisms that result in VILI. Targets that might aggravate or attenuate VILI, notably 
tidal volume (Vt) and positive end-expiratory pressure (PEEP), became the subject of 
extensive research.

The ARDS Network (ARDSNet) trial aimed to reduce overdistention, if necessary at the 
cost of suboptimal gas exchange.[1] This trial demonstrated that a ventilation strategy 
with low Vt and limited plateau pressure (Pplat ≤30 cmH2O) reduced mortality rate. Lach-
mann proposed to reduce atelectrauma and shear-stress with recruitment maneuvers 
(RM) and subsequent use of higher PEEP: the ‘Open Lung Concept’ (OLC).[2]

The OLC combined with low Vt seems appealing from a pathophysiological perspective, 
and it has been very promising in experimental ARDS models.[3, 4] However, clinical 
evidence is inconsistent. A meta-analysis comparing higher PEEP (13-15 cmH2O) and 
low PEEP ventilation strategies reported a reduction in mortality rate, but only in a 
subgroup analysis including patients with moderate to severe ARDS.[5] Another meta-
analysis reported a reduced mortality rate in patients with ARDS treated according to 
the OLC.[6] Amato and colleagues demonstrated in a multilevel mediation analysis that 
an increase in PEEP reduced mortality rate in patients with ARDS, but only if this results 
in a decreased driving pressure.[7]

The recent Alveolar Recruitment for ARDS Trial (ART) renewed the controversies about 
the efficacy of RMs and application of higher PEEP levels.[8] This trial reported that a RM 
combined with higher PEEP increased mortality rate in patients with moderate to severe 
ARDS. It was proposed that the overdistention caused by RMs and higher PEEP might be 
more harmful than the shear-stress and atelectrauma it prevents.[9] This raises the fol-
lowing question: should we abandon the Open Lung Concept in our patients with ARDS?

In this chapter, we will briefly discuss the pathophysiology of ARDS and VILI, limitations 
and indications of the OLC, bedside monitoring to guide OLC, and airway pressure re-
lease ventilation as an alternative.
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The pathophysiology of ARDS and VILI
The pathophysiology of ARDS is based on the trias of alveolar-capillary membrane 
injury, high-permeability (alveolar) edema, and inflammation.[10] Histologically this 
is characterized by diffuse alveolar damage.[11] The ‘baby lung’ model describes the 
pathophysiological effects of ARDS, mainly edema, on lung mechanics.[12] It is based on 
observations that atelectasis and edema are preferentially distributed to the dependent 
lung regions, whereas the independent lung regions are relatively well-aerated. The 
amount of collapse and edema formation correlates with ARDS severity. Although intrin-
sic elasticity of the independent lung region is nearly normal, lung function is restricted 
by the collapsed dependent lung region. Because the ARDS lung is small and not stiff, 
the term ‘baby lung’ was proposed.[12]

The pathophysiological trias cannot be routinely measured in clinical practice. There-
fore, arterial hypoxemia and bilateral opacities on chest imaging are used as clinical sur-
rogates in the Berlin definition of ARDS.[13] Because the Berlin definition is not based 
on pathophysiological criteria, it poses several limitations in clinical research. Only half 
of clinically diagnosed patients with ARDS have diffuse alveolar damage at autopsy.
[14] In addition, pulmonary and extrapulmonary insults may induce ARDS, both with a 
different response to PEEP.[15] As a consequence, ARDS is a heterogeneous syndrome.

The Berlin definition of ARDS specified disease severity according to PaO2/FiO2 ratio 
at a PEEP level of at least 5 cmH2O. This classification is important, as recruitability is 
dependent on disease severity. However, PEEP has a major effect on PaO2/FiO2 ratio 
and application of high PEEP could mask ARDS severity. Caironi and colleagues found 
that 54% of patients with mild ARDS at clinical PEEP (i.e. >5 cmH2O) were reclassified as 
either moderate or severe ARDS at 5 cmH2O PEEP. In addition, the correlation between 
ARDS severity and lung recruitability significantly improved at 5 cmH2O.[16] Therefore, a 
fixed PEEP level should be used to assess disease severity and recruitability.

Injurious mechanical ventilation in experimental models results in diffuse alveolar dam-
age, including interstitial and alveolar edema, hyaline membrane formation, and cell 
infiltration.[17] Therefore, VILI cannot be distinguished from ARDS and is potentially the 
most important insult that sustains or aggravates ARDS. As ARDS is characterized by 
baby lungs, alveolar overdistention of the independent lung is considered to be a major 
contributor to VILI. Initially it was unclear whether high Vt, high airway pressure, or both 
resulted in VILI. Dreyfuss and colleagues distinguished Vt from airway pressures in a rat 
model.[18] Pulmonary edema formation was assessed after 20 minutes of mechanical 
ventilation according to the following protocols: 1. high pressure (45 cmH2O) and high 
Vt (40 ml/kg), 2. high pressure (45 cmH2O) and lower Vt (19 ml/kg), lower Vt was achieved 
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by a thoracoabdominal strap avoiding chest wall distention, and 3. negative inspira-
tory pressure (iron lung) and high Vt (44 ml/kg). They found that edema significantly 
increased in group 1 and 3 as compared to group 2, indicating that high volume and not 
high pressure caused lung injury. In addition, in a fourth group they reported that 10 
cmH2O PEEP reduced edema formation.

Protti and colleagues demonstrated the beneficial effect of PEEP in combination with a 
reduced Vt.[3] In a pig model they divided the end-inspiratory long volume (i.e. strain) in 
a component generated by PEEP (static strain = PEEP volume/FRC, functional residual 
capacity) and a component generated by Vt (dynamic strain = Vt/FRC). Four groups were 
ventilated with a total strain of 2.5 (close to total lung capacity): 1. VPEEP 0% and Vt 100%, 
2. VPEEP 25% and Vt 75%, 3. VPEEP 50% and Vt 50%, and 4. VPEEP 75% and Vt 25%. After 54 
hours, all pigs in the Vt 100% group died due to massive lung edema, whereas none of 
the pigs in the VPEEP 75% and Vt 25% group died or developed pulmonary edema. At the 
end of the experiment, sudden removal of PEEP in the last group did not result in pul-
monary edema formation, indicating that the integrity of the alveolar-capillary barrier 
was preserved and PEEP did not only counteract the extravasation of plasma. PEEP has 
a protective effect, but Vt should be reduced during the application of high PEEP levels.

The use of higher PEEP levels is accompanied by an increase in Pplat above 30 cmH2O. 
Since the ARDSNet trial reported that a combination of low Vt and a Pplat ≤30 cmH2O 
reduced mortality rate, physicians are cautious with the use of high airway pressures. 
However, Pplat is exerted at the entire respiratory system, including the lungs and chest 
wall. Chest wall elastance varies widely in patients with ARDS and contributes between 
20-50% to total respiratory system elastance (ERS).[19] A Pplat of 30 cmH2O exerted at a 
stiff chest wall (50% of ERS) results in a transpulmonary pressure (PL) of 15 cmH2O PL, 
whereas a similar Pplat exerted at a normal chest wall (20% of ERS) results in a PL of 24 
cmH2O. Therefore, Pplat provides little information about the PL, i.e. the distending force 
on the lung.

In conclusion, there is sufficient experimental evidence that high Vt and not high airway 
pressure is important in the development of VILI. In addition, higher PEEP levels are 
beneficial if Vt is reduced in order to limit the total strain (overdistention). Thus, a com-
bination of higher PEEP and low Vt should be applied to reduce the development of VILI.

The Open Lung Concept
In 1970 Mead and colleagues developed a mathematical model to estimate intrapulmo-
nary pressures in a heterogeneously ventilated lung.[20] They stated that at the inter-
faces of open and collapsed lung a transpulmonary pressure of 30 cmH2O could result 
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in local pressures of 140 cmH2O. Based on these estimates Lachmann hypothesized that 
shear-stress might be the major cause of structural damage and VILI.[2] In order to mini-
mize shear-stress and atelectrauma in heterogeneously ventilated lungs, he proposed 
‘to open up the lung and keep the lung open’.

Traditionally the OLC consists of a RM to open up the collapsed lung and high PEEP to 
maintain alveolar stability. According to the LaPlace law (P = 2γ / r, where P is the pres-
sure within an alveolus, γ is the surface tension of the alveolar wall, and r is the radius of 
the alveolus) more pressure is required to open a collapsed or deflated alveolus in com-
parison to an open alveolus. Surfactant impairment in severe ARDS further increases 
opening pressure as a result of increased surface tension. In addition, opening pressure 
of collapsed alveoli has to overcome the alveolar retractive force and the compressing 
force on the alveolus by surrounding lung tissue. The sum of these pressures is esti-
mated to be 45 to 60 cmH2O in patients with ARDS.[9]

An elegant example of opening the dependent lung, although not by using high airway 
pressures, is the application of prone positioning. In supine position, the weight of the 
ventral lungs, heart, and abdominal viscera increases pleural pressure in the dorsal 
lung regions. The decrease in transpulmonary pressure (airway pressure minus pleural 
pressure) results in a reduced distending force on the dependent lung. In addition, 
pulmonary edema in ARDS gradually increases lung mass. Eventually the dependent 
lung collapses under its own weight and ventilation is redistributed to the baby lung. 
Application of the prone position changes gravitational forces; the dorsal lung becomes 
the independent lung region and is re-aerated. Due to conformational shape matching 
(the anatomic tendency to overdistend ventral lung regions despite gravitational forces) 
and a greater lung mass on the dorsal side, aeration in prone position is more homo-
geneously distributed.[21] Perfusion is also distributed more homogeneously in prone 
position. As a result ventilation-perfusion matching and oxygenation improves.[22] The 
first large randomized controlled trials could not confirm the theoretical advantages 
of prone positioning. However, a meta-analysis suggested a reduction in mortality rate 
in patients with severe ARDS.[23] The beneficial effects of prone positioning were con-
firmed by the PROSEVA trial.[24] Patients with severe ARDS (PaO2/FiO2 ratio <150 mmHg) 
assigned to the prone group had a significantly lower 28-day mortality rate (16.0%) as 
compared to the supine group (32.8%). Therefore, opening up the lung by prone posi-
tion is recommended in severe ARDS.

The Open Lung Concept in mild to moderate ARDS
The ATS Clinical Practice Guideline for mechanical ventilation in adult patients with 
ARDS recommends to limit Pplat to 30 cmH2O, in line with the ARDSNet trial.[25] This 
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raises the following question: can a lung be fully open at a Pplat ≤30 cmH2O? Cressoni and 
colleagues investigated whether mechanical ventilation with a Pplat of 30 cmH2O actu-
ally recruited the lung.[26] They included 33 patients with mild to severe ARDS. Four 
CT scans were made: one at 5 cmH2O PEEP, and three at Pplat of 19 ± 0, 28 ± 0, and 40 ± 2 
cmH2O during a <5 second breath holding. Lung recruitment was defined as the amount 
of lung tissue (grams) which regained inflation as a result of the applied airway pres-
sures (Figure 1). They found that the amount of lung recruitment achieved with a Pplat 
increase from 30 to 45 cmH2O was negligible in patients with mild to moderate ARDS. In 
contrast, a similar increase in Pplat in patients with severe ARDS resulted in a significant 
amount of lung recruitment. These results confirm that the amount of recruitable tissue 
increases with ARDS severity.

Multiple clinical studies assessed the effects of RMs in patients with ARDS. A recent 
meta-analysis included 15 randomized controlled trials (a total of 3,134 patients) that 
compared the OLC with other mechanical ventilation strategies in patients with ARDS.
[6] The authors reported a reduced mortality rate in the patients treated according to 
the OLC. However, this meta-analysis was performed prior to the ART trial. The multi-
center ART included 1,010 patients with moderate to severe ARDS.[8] The objective of 
this study was to compare RMs with PEEP titrated according to best respiratory system 
compliance (‘High PEEP’) with ARDSNet protocol (‘Low PEEP’). The initial RM consisted 
of PEEP increments up to a maximum Pplat of 60 cmH2O. Subsequently, a decremental 
PEEP trial was performed and the PEEP associated with the best compliance plus 2 
cmH2O was applied. After three cases of resuscitated cardiac arrests the RM was modi-
fied to a maximum Pplat of 50 cmH2O. The high PEEP strategy resulted in an increased 
28-day mortality rate (55.3% vs 49.3%). There are two major explanations for the in-
creased mortality rate after a RM. A first explanation is the included study population, 
as 599 of 1,010 patients (59.3%) had moderate ARDS. According to Figure 1, an increase 
of Pplat to 60 cmH2O in moderate ARDS results in a negligible amount of recruited lung 
tissue at the cost of overdistention. A subgroup analysis supports this hypothesis, as the 
increase in mortality rate is more pronounced in patients with moderate ARDS, whereas 
mortality was similar between both groups in patients with severe ARDS. Gattinoni and 
colleagues estimated the power delivered to the lung during the ART trial. They found 
that the power delivered to mild ARDS lungs was three times greater than to severe 
ARDS lungs (1169 Joule versus 390 Joule).[9] Second, the ART trial did not distinguish 
between responders and non-responders. A mean reduction in driving pressure of only 
2 cmH2O was found, indicating that the RM was inadequate to open up the lung and 
increase FRC in most patients. In conclusion, this study found an increased mortality 
rate after the application of a mild recruitment maneuver and subsequent PEEP titration 
based on best compliance in patients with moderate ARDS.
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In addition, a trial comparing high-frequency oscillatory ventilation (HFOV) with ARD-
SNet in patients with moderate to severe ARDS was terminated prematurely, as a trend 
towards increased mortality in the HFOV group was observed.[27] In this trial HFOV was 
applied in accordance with the OLC strategy: first a RM was performed by increasing the 
distending pressure to 40 cmH2O. Subsequently, mean airway pressure was set at 30 
cmH2O and reduced based on target oxygenation in combination with very low Vt (1-2 
ml/kg) and high respiratory frequency. However, as in the ART trial, a subgroup analysis 
demonstrated that mortality rate was not increased if HFOV was applied in patients with 
severe ARDS. An individual patient data meta-analysis of four HFOV trials (1,552 patients 
with ARDS) found that HFOV might even reduce mortality rate in patients with severe 
ARDS, whereas mortality is increased in patients with mild ARDS.[28] This suggests 
that a strategy of higher mean airway pressure results in an increased mortality rate in 
patients with moderate ARDS due to PEEP or distending pressure, whereas in patients 
with severe ARDS higher mean airway pressure might be beneficial.

The Open Lung Concept in severe ARDS
In patients with severe refractory hypoxemia under ARDSNet protocol there are three 
possible treatment strategies: 1. maintain ARDSNet protocol and accept hypoxemia, 2. 

Figure 1. Lung recruitment as a function of airway pressure.

This figure represents the amount of lung tissue (grams) that is recruited as a function of applied airway pressure. Esti-
mates are based on CT images of patients with ARDS. Green: mild ARDS, blue: moderate ARDS, red: severe ARDS, dark red: 
severe ARDS with vvECMO. From: Cressoni and colleagues, with permission.[26]
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convert to venovenous extracorporeal membrane oxygenation (vvECMO), or 3. initiate 
mechanical ventilation according to the OLC, thus accepting airway pressures above 30 
cmH2O (Figure 2). The EOLIA trial compared early application of vvECMO with ARDSNet 
protocol in patients with very severe ARDS.[29] They found that vvECMO did not reduce 
60-day mortality rate. In addition, vvECMO is associated with a high complication rate 
(up to 40%), including intracranial hemorrhages resulting in death.[30]

In a retrospective analysis of patients treated according to the OLC that met the EOLIA 
inclusion criteria, we observed a 30-day mortality of 25% as compared to 35-46% in the 
EOLIA trial.[29] This supports our hypothesis that there is an indication for the OLC in 
patients with severe ARDS. However, it is essential that RMs and high Pplat are guided by 
strict monitoring.

Inspiratory pressure is limited by PL instead of Pplat. PL is estimated with an esophageal 
balloon catheter. An inspiratory PL of <25 cmH2O is considered to be lung protective 
ventilation regardless of Pplat.[19] Grasso and colleagues measured PL in 14 patients with 
severe ARDS that were referred to their ICU for vvECMO.[19] In half of the patients PL 
was above 25 cmH2O and in these patients vvECMO was initiated. In the other patients 
PL was <25 cmH2O and therefore PEEP was increased from 17 to 22 cmH2O until PL was 
equal to 25 cmH2O. They accepted airway pressures up to 38 cmH2O. In these patients 
oxygenation improved and they did not require vvECMO.

Figure 2. Indication for the Open Lung Concept in ARDS

This figure represents the indication for ARDSNet protocol, OLC and vvECMO according to PaO2/FiO2 ratio.
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In order to prevent overdistention, it is important to distinguish responders from non-
responders to a RM. Responders can be identified by an increase in oxygenation, compli-
ance and/or a significant reduction in driving pressure. The reduction in driving pressure 
is a direct result of opening up the lung, thereby increasing FRC. In our experience, driv-
ing pressure is reduced rapidly after a RM in responders. The extent to which the driving 
pressure has to decrease in order to be a responder is unclear. The multilevel mediation 
analysis by Amato and colleagues suggests that a driving pressure of ≤15 cmH2O reduces 
mortality rate in patients with ARDS.[7] However, in the ART trial driving pressure was 
reduced from 13.5 to 11.5 cmH2O after a RM and still resulted in an increased mortality 
rate. Although driving pressure decreased initially, an increase was observed afterwards, 
whereas driving pressure in the control group remained stable. This suggests that not 
the absolute value of the driving pressure, but maintaining a low stable driving pressure 
might be more important. In non-responders FRC does not increase after a RM. Thus, 
PEEP should not be increased as this results in increased overdistention of the baby lung 
(Figure 3).

Slow recruitment with Airway Pressure Release Ventilation
Time is an important variable in both alveolar recruitment and stabilization, yet often 
overlooked. The application of 30 cmH2O to a lung inflated at 5 cmH2O for 2 seconds 
opens up approximately 75% of alveoli.[31] Continuation of 30 cmH2O for 40 seconds 
gradually increases the amount of open alveoli to 85%. In the expiratory phase there is 
a delay of approximately 0.17 seconds before alveolar collapse commences and at 0.25 
seconds an alveolus is collapsed.[32] Inspiration time in ARDSNet protocol is too short to 

Figure 3. Responders and non-responders to the Open Lung Concept

Lung aeration at expiration is schematically depicted in ARDSNet protocol (left), in responders (middle) and non-respond-
ers (right) to the OLC, i.e. a recruitment maneuver and higher PEEP levels. In responders functional residual capacity in-
creases in response to recruitment , resulting in reduced strain and driving pressure. In non-responders functional residual 
capacity does not increase following a recruitment maneuver. Subsequent application of higher PEEP levels results in 
alveolar overdistention. Very light blue: overdistention, light blue: normally aerated lung tissue, and dark blue: collapsed 
alveoli.
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recruit the majority of alveoli and too long to prevent the alveoli from collapsing. Airway 
pressure release ventilation (APRV) might address both problems. APRV consists of a 
continuous positive airway pressure (Phigh) with a brief intermittent release phase (Plow) 
for expiration and CO2 removal. Patients are allowed to breath spontaneously indepen-
dent of ventilator cycles. Phigh slowly recruits the lung and a short Plow prevents alveolar 
collapse. Eventually, the lung is open and stable. However, in experimental models het-
erogeneity is increased if Plow is set too long, giving the alveoli sufficient time to collapse.
[33] Zhou and colleagues compared APRV 50% with ARDSNet protocol in patients with 
moderate to severe ARDS.[34] They found a trend towards a reduced ICU mortality in the 
APRV group: 19.7% versus 34.3%. The number of ventilator-free days, oxygenation, and 
respiratory system compliance was in favor of the APRV group. In this study they aimed 
for a spontaneous minute ventilation of at least 30% of total minute ventilation. The 
contraction of the diaphragm during spontaneous breathing is more pronounced in the 
dorsal lung region and assists in opening up even the most dependent lung regions. In 
conclusion, APRV results in an open lung by slow recruitment, alveolar stabilization and 
contraction of the diaphragm.

CONCLUSION

The objective of the OLC is to achieve an open and homogeneously ventilated lung. 
From a pathophysiological perspective the OLC seems beneficial as shear-stress and 
atelectrauma are reduced. An open and more homogeneously ventilated lung can be 
achieved by the application of prone position or high airway pressures. In patients with 
severe ARDS prone position has proven to reduce mortality rate drastically.

Multiple studies using RMs with airway pressures up to 50-60 cmH2O only improved 
oxygenation and did not reduce mortality rate. On the contrary, the ART trial found an 
increased mortality rate when a RM was combined with decremental PEEP titration 
based on best compliance in patients with moderate to severe ARDS.[8] The applica-
tion of HFOV and high mean airway pressures in patients with ARDS increased mortality 
rate as well.[27] However, subgroup analyses of both trials showed that mortality rate 
increased in patients with moderate ARDS, whereas mortality rate was similar or even 
reduced in patients with severe ARDS.[28] Apparently, the application of higher PEEP or 
distending pressures increases mortality in patients with moderate ARDS due to overdis-
tention, despite best PEEP titration. This indicates that high airway pressures should not 
be used in patients with moderate ARDS.
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We propose to apply the OLC in patients with severe ARDS with refractory hypoxemia 
under ARDSNet protocol, but only if a patient is a responder to recruitment. In patients 
that do not respond to recruitment, PEEP should be reduced and vvECMO may be con-
sidered. As both the OLC and vvECMO require clinical expertise, we recommend to apply 
this strategy in tertiary referral centers. The exact definition of a responder remains to be 
elucidated. After a RM driving pressure, oxygenation, and compliance should improve, 
but to what extent remains unclear.
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Dear Editor,

The EOLIA trial concluded that vvECMO compared to conventional mechanical ventila-
tion with low tidal volumes and airway pressures ≤30 cmH2O did not improve survival.
[1] Although not statistically significant, the 11% absolute reduction in mortality rate 
and multiple crossovers to rescue vvECMO were considered to be clinically relevant.[2] 
However, a conventional mechanical ventilation strategy is likely to be insufficient for 
patients with severe ARDS, as higher airway pressures are required to maintain lung aera-
tion.[3] Grasso et al. measured the transpulmonary pressure (PL) in patients with severe 
ARDS and increased PEEP until PL was 25 cmH2O. Fifty percent of patients responded to 
an increase in airway pressure and did not require vvECMO.[4] We hypothesized that a 
PL guided open lung concept (OLC) could improve oxygenation and prevent conversion 
to vvECMO in patients with severe ARDS.

We retrospectively reviewed the records of all patients referred to our ICU between Janu-
ary and May 2018. Eight patients had severe ARDS and had an indication for vvECMO 
according to the EOLIA trial (demographics are given in the supplementary materials).
[1] Before referral protective mechanical ventilation with low tidal volume and a plateau 
pressure of approximately 30 cmH2O was applied. PaO2/FiO2 ratio was 62±7 mmHg 
despite the use of neuromuscular blocking agents and prone positioning. After referral, 
a recruitment manoeuvre was performed and PEEP was increased. PL was estimated 
with an oesophageal balloon catheter and we aimed for a PL ≤25 cmH2O. In addition, 
respiratory rate and I:E ratio were increased, thereby generating intrinsic PEEP.

The PL guided OLC resulted in an increase in PaO2/FiO2 ratio to 201±87 mmHg (Figure 1) 
and none of the patients required vvECMO. During the first 6 hours peak airway pressure 
was increased to 44.9±10.2 cmH2O, but was reduced to 36.3±5.6 cmH2O within 24 hours, 
while PEEP was maintained at 20.6±4.0 cmH2O. A maximum end-inspiratory PL of 18±5 
cmH2O was measured. At 72 hours both peak airway pressures and PEEP were reduced 
to baseline values while oxygenation remained stable.

These data suggest that the OLC improves oxygenation and avoids conversion to 
vvECMO in patients with severe ARDS. We acknowledge that a recruitment manoeuvre 
and higher PEEP in patients with moderate to severe ARDS increased mortality in the 
Alveolar Recruitment Trial.[5] However, the recruitment manoeuvre was standardized 
and ‘recruitability’ was not assessed. We hypothesize that a recruitment manoeuvre 
and higher PEEP is beneficial in patients with large regions of decreased lung aeration. 
Thus, future research should focus on individual ‘recruitability’.[6] Baedorf Kassis et al. 
introduced a recruitment manoeuvre based on PL measurements.[7] Other potential 
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predictors are a decrease in driving pressure, oxygenation response to PEEP-trials, or 
lung aeration estimated by electrical impedance tomography or ultrasound.

Figure 1. Airway pressures and PaO2 / FiO2 ratio after initiation of the OLC

Peak airway pressure, Pmean, PEEP and PaO2 / FiO2 ratio as a function of time. The OLC is initiated at T0, i.e. at referral. 
Mean values and standard deviations are shown. Note that PEEP values are set PEEP levels at the mechanical ventilator. 
The depicted driving pressure is overestimated as intrinsic PEEP is not shown. FiO2 fraction of inspired oxygen, PaO2 par-
tial pressure of arterial oxygen, Ppeak peak airway pressure, Pmean mean airway pressure, PEEP positive end-expiratory 
pressure.
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61 ICU referrals between January and 
May 2018 

11 Patients met Berlin definition of 
ARDS 

50 Patients did not meet Berlin 
definition of ARDS 

8 ARDS patients included 

 

3 ARDS patients excluded 
Venovenous ECMO at referring ICU (2) 

Pregnancy (1) 
 

Table 1. Patient demographics

Case Age Gender Admission Diagnosis PaO2 / 
FiO2 ratio 
at referral 

(mmHg)

APACHE 
IV Score 

at 
referral

ICU LoS 
prior to 
referral 
(days)

ICU LoS 
(days)*

BMI ICU survival

1 74 M Influenza, 
Streptococcus 
pyogenes

54 108 4 18 24.2 Survivor

2 67 M Influenza 66 84 1 18 35.8 Survivor

3 27 M Influenza 73 103 1 33 27.8 Survivor

4 51 M Invasive aspergillosis 69 98 5 9 20.4 Non-survivor

5 60 F Influenza 58 128 2 42 36.7 Survivor

6 46 F Pancreatitis 61 100 2 15 44.1 Survivor

7 64 F Influenza, 
Streptococcus 
pneumoniae

52 147 5 17 29.4 Survivor

8 49 M Influenza 78 52 2 20 25.5 Survivor

* Total length of stay at the referring ICU and the ICU of the Erasmus MC. ICU intensive care unit, LoS length of stay, BMI 
body mass index, M male, F female.
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Appendix Mechanical ventilation strategy
Controlled mechanical ventilation with a strive tidal volume of 4-6ml/kg predicted body weight was applied in all patients. 
A recruitment manoeuvre was performed using stepwise increments in PEEP (usually 5 cmH2O) while driving pressure 
was maintained. Peak airway pressure was allowed approximately 20 cmH2O above the initial peak airway pressure for 2 
minutes. The recruitment manoeuvre was discontinued if mean arterial pressure decreased below a predefined cut-off set 
by the clinician (usually <50 mmHg). Subsequently, peak inspiratory pressures were guided by transpulmonary pressures 
(PL) instead of plateau pressures. PL was estimated with an oesophageal balloon catheter. An inspiratory PL of <25 cmH2O 
was considered to be lung protective ventilation. PEEP was titrated on the basis of a positive end-expiratory PL and electri-
cal impedance tomography.
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To the editor:

Coronavirus disease 2019 (COVID-19) spreads rapidly and already resulted in severe 
burden to hospitals and intensive care units (ICU) worldwide. Early reports described 
progression to acute respiratory distress syndrome (ARDS) in 29% of cases.[1]

It is unknown how to titrate positive end-expiratory pressure (PEEP) in patients with 
ARDS. Patient survival improved if higher PEEP successfully recruited atelectatic lung 
tissue.[2] However, excessive PEEP caused alveolar overdistention resulting in reduced 
patient survival.[3] Therefore, PEEP should be personalised in order to maximize alveo-
lar recruitment and minimize the amount of alveolar overdistention. Electrical imped-
ance tomography (EIT) provides a reliable bedside approach to detect both alveolar 
overdistention and alveolar collapse.[4]

We describe a case series of COVID-19 patients with moderate to severe ARDS, in whom 
EIT was applied to personalise PEEP based on lowest relative alveolar overdistention 
and collapse. Subsequently, we compared this PEEP level with the PEEP that could have 
been set according to the lower or higher PEEP-FiO2 table from the ALVEOLI trial.[5] These 
early experiences may help clinicians to titrate PEEP in COVID-19 patients with ARDS.

METHODS

Study design and inclusion criteria
We conducted this case series between March 1 and March 31 2020 in our tertiary referral 
ICU (Erasmus MC, Rotterdam, The Netherlands). All consecutive mechanically ventilated 
patients admitted to the ICU with COVID-19 and moderate to severe ARDS according to 
the Berlin definition of ARDS were included in this study. COVID-19 was defined as a 
positive result on polymerase chain reaction of sputum, nasal swab, or pharyngeal swab 
specimen. The local Medical Ethical Committee approved this study. Informed consent 
was obtained from all patient’s legal representatives.

Study protocol
A PEEP trial was performed daily in all patients according to our local mechanical 
ventilation protocol. Patients were fully sedated with continuous intravenous infusion 
of propofol, midazolam and opiates. Persisting spontaneous breathing efforts were pre-
vented with increased sedation or neuromuscular blockade. Arterial blood pressure was 
measured continuously. Noradrenalin was titrated to maintain a mean arterial blood 
pressure above 65 mmHg at the start of the PEEP trial.
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All patients were ventilated in pressure control mode. FiO2 was titrated in order to obtain 
a peripheral oxygen saturation (SpO2) between 92-95%. The other mechanical ventila-
tion parameters, i.e. PEEP, driving pressure, respiratory rate, and inspiratory/expiratory 
ratio remained unchanged. Plateau airway pressure and total PEEP were measured dur-
ing a zero flow state with an inspiratory and expiratory hold procedure, respectively. Ab-
solute transpulmonary pressures were measured with an oesophageal balloon catheter 
(CooperSurgical, USA or NutriVent, Sidam, Italy). Position and balloon inflation status 
were tested with chest compression during an expiratory hold manoeuvre.

We monitored bedside ventilation distribution with EIT (Pulmovista 500, Dräger, Ger-
many or Enlight 1800, Timpel, Brazil). An EIT belt was placed around the patient’s thorax 
in the transversal plane corresponding to the 4th to 5th intercostal parasternal space. The 
belt was placed daily (Pulmovista) or once in three days (Enlight) according to manufac-
turer’s instructions. EIT data were visualized on screen during the entire study protocol 
without repositioning the EIT belt.

Subsequently, we performed a decremental PEEP trial. PEEP was increased stepwise 
until PEEP was 10 cmH2O above baseline PEEP with a minimum PEEP of 24 cmH2O 
(PEEPhigh), corresponding to the maximum PEEP advised by the PEEP-FiO2 table. The 
PEEP trial was limited to a lower PEEP level in case of hypotension (mean arterial blood 
pressure <60 mmHg) or desaturation (SpO2 <88%). PEEPhigh was maintained for at least 
one minute. From PEEPhigh, PEEP was reduced in 2 cmH2O steps of 30 seconds until EIT 
showed evident collapse. PEEP was reduced an additional 2 cmH2O in order to confirm 
a further increase in collapse. The EIT devices provided percentages of relative alveolar 
overdistention and collapse at every PEEP step. Lastly, total PEEP was set (PEEPset) at the 
PEEP level above the intersection of the curves representing relative alveolar overdis-
tention and collapse (Figure 1).[6]

Baseline characteristics and laboratory analyses were retrieved from the patient infor-
mation system. Diffuse or focal ARDS was established with chest x-ray or lung CT scan 
similar to the LIVE study.[7]

Statistical analysis
Data were presented as median and inter-quartile range (IQR). Only PEEPset as deter-
mined by the first PEEP trial of each patient was used for analyses. The absolute distance 
in cmH2O between PEEPset and closest PEEP level that could have been set based on the 
lower PEEP-FiO2 table or higher PEEP-FiO2 table from the ALVEOLI trial was calculated.[5] 
The Wilcoxon signed-rank test was used to test the difference between PEEPset and the 
absolute distance to either PEEP-FiO2 table, and to test the difference in PEEPset between 
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the first and last PEEP trial (up to day 7). Correlations were assessed using Spearman’s 
rank correlation coefficient (ρ).

Figure 1 PEEPset based on electrical impedance tomography
Figure 1a. Ventilation distribution at four levels of PEEP.

A: 29 cmH2O B: 21 cmH2O C: 15 cmH2O D: 9 cmH2O

The top row shows the ventilation distribution in blue, whereas the bottom row shows relative alveolar overdistention in 
orange and relative alveolar collapse in white. The percentages of relative alveolar overdistention and collapse are pre-
sented as well. At a total PEEP of 29 cmH2O the dorsal areas of the lung are mainly ventilated, while the ventral parts are not 
ventilated due to overdistention. At a total PEEP of 9 cmH2O the ventral parts are mainly ventilated (with more ventilation 
in the right lung than the left lung) and the dorsal parts are not ventilated due to alveolar collapse. At a total PEEP between 
15-21 cmH2O ventilation is mainly distributed to the centre.

Figure 1b. Relative alveolar overdistention, collapse and dynamic compliance.
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Relative alveolar overdistention and collapse, and the dynamic compliance of the respiratory system are shown during a 
decremental PEEP trial. At 29 cmH2O PEEP there is relative alveolar overdistention but no relative collapse, whereas at 9 
cmH2O PEEP there is relative alveolar collapse but no relative overdistention. Total PEEP was set at the PEEP level above 
the intersection of the curves representing relative alveolar overdistention and collapse, in this case 21 cmH2O.[6] Images: 
Pulmovista 500, Dräger, Germany.
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RESULTS

Study population
We included 15 patients with COVID-19 related ARDS (Table 1). Patients had a body 
mass index (BMI) of 30 kg/m2 (IQR 27-34 cmH2O). All patients had high concentrations of 
C-reactive protein (CRP) and required vasopressors during the first week following ICU 
admission. In addition, 14 (93%) patients had or progressed to diffuse ARDS on chest 
x-ray or lung CT scan.

Table 1. Patient characteristics
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F 49 42 79 68 18 8 Yes 12 2 13 104 53 35 530 Diffuse
M 56 33 113 171 20 8 Yes 8 0 8 90 165 58 349 Diffuse
M 65 27 94 54 16 2 Yes 10 2 19 89 103 47 681 Diffuse
M 16 22 74 158 15 1 No n.a.‡‡ 6 19 52 92 33 157 Focal to diffuse
M 72 26 99 163 16 1 No 8 4 12 114 175 69 673 Diffuse
F 59 28 73 116 18 1 Yes 10 5 14 54 189 42 563 Diffuse
F 73 18 125 105 16 0 No 8 2 10 82 134 51 401 Focal to diffuse
F 54 31 94 132 16 2 Yes 13 3 16 43 180 35 526 Diffuse
M 53 31 67 186 16 1 Yes 7 9 14 101 148 60 401 Diffuse
F 62 30 98 134 12 1 No 10 n.a.§§ n.a.§§ n.a.§§ n.a.§§ 61 350 Focal to diffuse
M 66 36 124 118 18 1 No 4 4 13 77 88 41 638 Focal
M 68 34 94 134 18 2 Yes 6 -1 14 124 77 47 280 Diffuse
M 56 34 101 148 18 2 Yes 7 n.a.§§ n.a.§§ n.a.§§ n.a.§§ 69 331 Diffuse
M 61 29 124 140 18 1 Yes 7 9 14 94 95 47 336 Diffuse
M 65 27 112 100 16 3 Yes 7 5 9 102 146 60 386 Diffuse

* Lowest within 24 hours following ICU admission in our centre.
† Baseline PEEP level at moment of PaO2/FiO2 ratio measurement. Baseline PEEP was set at the discretion of the attending 
clinician.
‡ Number of days on mechanical ventilation at the day of the first PEEP trial.
§ Received at least one session of prone positioning.
** Highest measured value (in cmH2O) in the first seven days of admission, driving pressure was calculated as the differ-
ence between plateau pressure and total PEEP.
ll Lowest measured end-expiratory value and highest measured end-inspiratory value (in cmH2O) in the first seven days of 
admission, absolute transpulmonary pressure was calculated as the difference between airway pressure and oesophageal 
pressure. Note: the expiratory and inspiratory values are not necessarily measured at the same time and do not reflect 
transpulmonary driving pressure.
†† Highest measured concentration in the first three days of admission.
‡‡ Unavailable due to loss of data.
§§ Not available due to unsuccessful attempt to place oesophageal balloon catheter.
Abbreviations: ARDS acute respiratory distress syndrome, APACHE acute physiology and chronic health evaluation, BMI 
body mass index, CW chest wall, CRP C-reactive protein, DP Driving pressure, Exp expiratory, F female, FiO2 fraction of 
inspired oxygen, ICU intensive care unit, Insp inspiratory, n.a. not available, M male, MV mechanical ventilation, PEEP posi-
tive end-expiratory pressure, PL transpulmonary pressure, RS respiratory system.
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PEEPset in COVID-19 related ARDS
We conducted a total of 63 PEEP trials of which 52 were performed in supine position. 
Median amount of PEEP trials per patient was 3 (IQR 2-4.5). PEEPset based on EIT was 21 
cmH2O (IQR 16-22 cmH2O). Driving pressure was below 13 cmH2O in all patients (Table 
1). In one PEEP trial (1.6%) we did not reach a PEEPhigh of 10 cmH2O above baseline PEEP 
because of hemodynamic instability (mean arterial blood pressure <60 mmHg). No 
pneumothoraxes were observed. At 28-days, four patients died (26.7%), three patients 
were weaning from mechanical ventilation (20.0%), and 8 patients were discharged 
from the ICU (53.3%).

PEEPset was 2 cmH2O (IQR 0-5 cmH2O) above PEEP set by the higher PEEP-FiO2 table and 
10 cmH2O (IQR 7-14 cmH2O) above PEEP set by the lower PEEP-FiO2 table (p-value for the 
absolute difference 0.01) (Figure 2A). There was no correlation between PEEPset and FiO2 
(ρ = 0.11, p-value 0.69). However, we did find a significant correlation between PEEPset 
and BMI (ρ = 0.76, p-value 0.001) (Figure 2B). PEEPset did not change significantly over 
time (Figure 2C).
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Figure 2a. PEEPset versus higher and lower PEEP-FiO2 table
The solid and dashed lines represent the PEEP-FiO2 combination to be used according to the lower and higher PEEP-FiO2 

tables from the ALVEOLI trial. Each marker represents PEEPset at the level of lowest relative alveolar overdistention and 
collapse as measured with electrical impedance tomography. Only the first PEEP trial of each patient is presented. The 
crosses indicate subjects that died within 28-days following ICU admission. There was no correlation between PEEPset and 
FiO2 (ρ = 0.11, p-value 0.69).
Figure 2b. PEEPset versus body mass index
The correlation between BMI and PEEPset after the first PEEP trial for each patient. Spearman’s rank correlation coefficient 
ρ = 0.76 with p-value 0.001. Similar markers in figure 2a and 2b represent the same patient.
Figure 2c. Change in PEEP as compared to the first PEEP trial
The change in PEEPset as compared to the first PEEP trial, represented by the median (orange line), interquartile range (box) 
and minimum/maximum values (whiskers). PEEPset did not change significantly over time. The number between parenthe-
ses represents the amount of patients measured at that day.
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DISCUSSION

In 15 patients with COVID-19 related ARDS, personalised PEEP at the level of lowest rela-
tive alveolar overdistention and collapse as measured with EIT resulted in high PEEP. 
These PEEP levels did not result in high driving pressure or transpulmonary pressure. In 
addition, PEEP trials did not result in relevant hemodynamic instability or pneumotho-
rax. PEEPset corresponded better to the higher PEEP-FiO2 table than the lower PEEP-FiO2 
table and was positively correlated with BMI.

In COVID-19 related ARDS, both a low lung recruitability (L-type) and a high lung recruit-
ability phenotype (H-type) have been described based on lung compliance and amount 
of non-aerated lung tissue on lung CT scan.[8] Especially in patients with the L-type, low 
PEEP was advised, as higher PEEP would only result in alveolar overdistention without 
the benefit of alveolar recruitment. In 12 patients with COVID-19 related ARDS, Pan et 
al.[9] used the recruitment-to-inflation ratio and found that lung recruitability was low 
as well. However, in our first 15 patients with COVID-19 related ARDS, personalised PEEP 
at the level of lowest relative alveolar overdistention and collapse as measured with 
EIT resulted in high PEEP. Perhaps we included only patients with the H-type, but it is 
more likely that both phenotypes are the extremes of a recruitability continuum. The 
recruitability continuum represents the amount of non-aerated lung tissue as a result 
of oedema. Gattinoni et al.[8] already described that one patient with COVID-19 related 
ARDS could progress from the L-type to the H-type as the amount of non-aerated lung 
tissue increased. If these results can be generalized, most patients with COVID-19 will 
become recruitable to some extent. The potential changes in recruitability over time 
make a personalised PEEP titration approach very interesting, although we did not 
observe a significant change in PEEPset over time.

In addition, a secondary analysis of the ALVEOLI trial found that higher PEEP improved 
survival in patients with a hyperinflammatory ARDS phenotype.[10] The hyperinflam-
matory phenotype could be predicted accurately using interleukin-6, tumour necrosis 
factor receptor and use of vasopressors. Given the very high CRP concentrations and the 
use of vasopressors in all our patients, we assumed that the majority of patients in our 
study were in a hyperinflammatory state.

The LIVE trial predicted PEEP response based on lung morphology, and found that pa-
tients with focal ARDS benefited from lower PEEP and patients with diffuse ARDS from 
higher PEEP.[7] In our study, the majority of patients had or progressed to diffuse ARDS 
based on chest x-ray or lung CT scan. As a consequence, these COVID-19 patients were 
likely to respond to higher PEEP.
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We realize that availability of EIT is limited in ICUs worldwide. In clinical practice, the 
PEEP-FiO2 table is often used, as it is a simple approach to titrate PEEP. This study 
showed that PEEPset at the level of lowest relative alveolar overdistention and collapse 
as measured with EIT corresponded better to the higher PEEP-FiO2 table in 15 patients 
with COVID-19 related ARDS. However, the patients in our study had a high BMI, result-
ing in lower transpulmonary pressure and increased PEEP requirement. Higher PEEP 
should be used with caution in patients with focal ARDS or low BMI. Moreover, response 
to higher PEEP should always be monitored in terms of driving pressure[2] or oxygen-
ation.[11]
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To the editor:

We thank Van den Berg et al. for the opportunity to further discuss our research letter in 
which positive end-expiratory pressure (PEEP) was titrated at the level of lowest relative 
alveolar overdistention and collapse based on electrical impedance tomography (EIT).
[1] In their comment, the authors argue that PEEP should not be set at the minimum 
level of both alveolar overdistention and collapse, as alveolar overdistention is poten-
tially more harmful.

We fully agree that alveolar overdistention is harmful to our patients. The Alveolar 
Recruitment Trial showed us that systematically performed recruitment maneuvers, 
known to cause alveolar overdistention, increased mortality rate in patients with acute 
respiratory distress syndrome (ARDS).[2] However, the amount of alveolar overdistention 
or collapse prior to the application of high airway pressures was unknown. Determining 
alveolar overdistention and collapse is crucial, as PEEP titration approaches are based 
on the assumption that there is an optimal compromise between alveolar recruitment 
(i.e. limit the amount of collapse) and minimizing alveolar overdistention.

Numerous bedside PEEP titration approaches have been described, but none has shown 
to improve patient survival in large randomized controlled trials. In addition, correla-
tion between different approaches is poor. The explanation is that most bedside PEEP 
titration approaches have at least one of the following three limitations: 1. the approach 
does not quantify alveolar recruitment; 2. the respiratory system is assessed as a whole 
and local lung inhomogeneities remain undetected; and 3. alveolar overdistention is not 
quantified.

EIT is a functional imaging tool that continuously assesses regional ventilation and lung 
volume changes at the bedside. As such, EIT is a bedside PEEP titration approach that 
quantifies both alveolar recruitment and alveolar overdistention, and is able to detect 
local lung inhomogeneities. However, the amount of studies that used EIT to titrate 
PEEP in critically ill patients with ARDS is limited. In addition, there is no consensus on 
how to interpret EIT data.

Blankman et al.[3] compared several EIT derived PEEP titration approaches in post 
cardiac surgery patients and proposed the intratidal gas distribution index to identify 
alveolar overdistention in the non-dependent lung regions and to titrate PEEP. In a case 
series, Yoshida et al.[4] used a ventral-dorsal ventilation distribution of 50%-50% in 
order to reach homogeneous ventilation and limit alveolar overdistention. In contrast, 
Franchineau et al.[5] aimed to limit the amount of relative collapse to 15% while 



222 Part II

Personalised treatment of ARDS based on recruitability

maintaining the lowest percentage of overdistention in patients with extracorporeal 
membrane oxygenation. Alternatively, we could have aimed for the greatest amount of 
ventilated pixels or calculate the global inhomogeneity index. We chose to titrate PEEP 
at the lowest level of relative alveolar overdistention and collapse, as it is a simple and 
intuitive approach that has proven to be beneficial in mechanically ventilated patients 
during surgery.[6] This approach resulted in low driving pressures and low transpulmo-
nary pressures in all our patients.

We share the concerns of Van den Berg et al. that alveolar overdistention is harmful to the 
lungs. Therefore, we quantified the amount of alveolar overdistention before applying 
higher PEEP in our patients with COVID-19 related ARDS. The Pleural Pressure Working 
Group’s (PLUG) planned RECRUIT project (https://www.plugwgroup.org/), which aims 
to compare the results of different bedside methods to titrate PEEP based on EIT, might 
provide us with some answers on how to titrate PEEP using EIT data. In the meantime, 
we agree with our colleagues to limit the amount of alveolar overdistention in patients 
with COVID-19 related ARDS by applying prone positioning and quantifying the amount 
of alveolar overdistention during a PEEP trial.
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ABSTRACT

Rationale: It is unknown how to titrate positive end-expiratory pressure (PEEP) in 
patients with COVID-19 related acute respiratory distress syndrome (ARDS). Guidelines 
recommend the one-size fits all PEEP-FiO2 table. In this retrospective cohort study, an 
electrical impedance tomography (EIT) guided PEEP trial was used to titrate PEEP.

Objectives: To compare baseline PEEP according to the high PEEP-FiO2 table and person-
alised PEEP following an EIT guided PEEP trial.

Methods: We performed an EIT guided decremental PEEP trial in patients with moderate 
to severe COVID-19 related ARDS upon intensive care unit admission. PEEP was set at 
the lowest PEEP above the intersection of curves representing relative alveolar overdis-
tention and collapse. Baseline PEEP was compared with PEEP set according to EIT. We 
identified patients in whom the EIT guided PEEP trial resulted in a decrease or increase 
in PEEP of ≥2 cmH2O.

Measurements and Main Results: We performed a PEEP trial in 75 patients. In 23 (31%) 
patients PEEP was decreased ≥2 cmH2O and in 24 (32%) patients PEEP was increased 
≥2 cmH2O. Patients in whom PEEP was decreased had improved respiratory mechanics 
and more overdistention in the non-dependent lung region at higher PEEP levels. These 
patients also had a lower BMI, longer time between onset of symptoms and intubation, 
and higher incidence of pulmonary embolism. Oxygenation improved in patients in 
whom PEEP was increased.

Conclusions: An EIT guided PEEP trial resulted in a relevant change in PEEP in 63% of 
patients. These results support the hypothesis that PEEP should be personalised in 
patients with ARDS.

Keywords: COVID-19, Acute respiratory distress syndrome, mechanical ventilation, 
positive end-expiratory pressure, electrical impedance tomography
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INTRODUCTION

It is unknown how to titrate PEEP in patients with COVID-19 related ARDS. Previous 
randomized controlled trials in patients with ARDS found that a higher PEEP versus a 
lower PEEP strategy did not reduce mortality rate.[1-3] However, higher PEEP did reduce 
mortality rate in patients with severe ARDS and tended to increase mortality rate in the 
subgroup with mild ARDS.[4] Apparently, there are patient subgroups that benefit from 
higher PEEP and subgroups that do not benefit from higher PEEP.

Initially, COVID-19 related ARDS was thought to be typical ARDS according to the Berlin 
definition of ARDS.[5] Later, a phenotype consisting of preserved respiratory system 
compliance and low lung recruitability was described. The application of lower PEEP 
was advised.[6, 7] Subsequent studies found that respiratory mechanics of patients 
with COVID-19 related ARDS and typical ARDS, including respiratory system compliance, 
were similar between groups. Significant heterogeneity was observed in COVID-19 re-
lated ARDS similar to non-COVID ARDS.[8, 9] The high PEEP-FiO2 table, currently recom-
mended for the treatment of COVID-19 related ARDS, does not take into account patient 
heterogeneity.[10]

From a pulmonary perspective, PEEP titration is finding a compromise between mini-
mal alveolar overdistention and collapse. The recommended PEEP for lung protective 
ventilation strategies ranges between 5 cmH2O and 24 cmH2O.[11] A strategy consisting 
of recruitment manoeuvres and titrated PEEP resulted in increased long term mortality 
in patients with ARDS.[12] Several studies failed to find a benefit of a one-size-fits-all 
PEEP strategy, and more research into tailoring of PEEP to the individual patient is 
recommended.[13] Therefore, we think it is crucial to quantify the amount of alveolar 
overdistention and collapse at the bedside among parameters reflecting respiratory 
mechanics. EIT can be used for detecting and quantify regional alveolar overdistention 
and collapse and allows for personalised PEEP titration.[14, 15] In a recent randomized 
controlled trial in ARDS patients He et al.[16] showed titration using EIT resulted in a 
decoupling between PEEP and FiO2, but no difference in long term outcome compared 
to a PEEP/FiO2 table. Hsu et al.[17] compared PEEP titrated using EIT to PEEP set based 
on pressure-volume-loops. They found the EIT lead to lower PEEP and a higher survival 
rate.

We retrospectively describe a cohort of patients with COVID-19 related ARDS in whom 
an EIT guided PEEP trial was used to personalise PEEP. The aim of this study was to 
compare PEEP set by EIT and baseline PEEP according to the high PEEP-FiO2 table.[1]
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METHODS

Study design and inclusion criteria
This is a retrospective analysis of a cohort study conducted between March 1 and 
June 1 2020 in the general intensive care unit (ICU) of the Erasmus MC, Rotterdam, The 
Netherlands. The first 15 patients in this study have been described previously.[18] All 
patients that met the following criteria were included: 1. age ≥16 years; 2. established 
COVID-19 following a SARS-CoV-2 positive polymerase chain reaction; 3. moderate to 
severe ARDS according to the Berlin definition of ARDS[5]; and 4. intubated and on con-
trolled mechanical ventilation. The Erasmus MC is a tertiary referral hospital, and some 
patients were intubated and mechanically ventilated elsewhere before transfer to our 
ICU. A PEEP trial guided by EIT was performed following admission to the ICU according 
to our local COVID-19 mechanical ventilation protocol. The PEEP trial was performed 
once in every patient and was not routinely repeated. We did not perform a PEEP trial 
if patients had a contra-indication for EIT belt placement (e.g. pacemaker, spinal cord 
injury), inadequate EIT signal (e.g. thoracic bandages, undrained pneumothorax), or 
hemodynamic instability (MAP < 60mmHg despite optimization of fluid status and/or 
use of vasopressors). The Medical Ethical Committee of the Erasmus MC approved this 
study. According to Dutch legislation no informed consent was required for the retro-
spective use of anonymized patient data.

Study protocol
All patients were ventilated in pressure control mode. Baseline PEEP was set by the 
attending clinician. The protocol prescribed using the high PEEP-FiO2 table, but the 
clinician had the freedom to choose the PEEP and FiO2 combination within the limits 
of the table.[1] Patients were fully sedated (Richmond Agitation-Sedation Scale -5) with 
continuous intravenous infusion of propofol, midazolam and/or opiates. Persisting 
spontaneous inspiratory efforts were prevented with increased sedation or neuromus-
cular blockade (rocuronium). Mean arterial blood pressure (MAP) was measured con-
tinuously and noradrenalin was administered to maintain MAP above 65 mmHg prior to 
the PEEP trial. The fraction of inspired oxygen (FiO2) was titrated to obtain a peripheral 
oxygen saturation (SpO2) between 92-95%.

The PEEP trial was guided by one of two EIT devices, based on availability: Pulmovista 
500, Dräger, Germany or Enlight 1800, Timpel, Brazil. An EIT belt containing surface elec-
trodes was placed in the transversal plane at the 4th to 5th intercostal parasternal space 
according to manufacturer’s instructions. Regional ventilation data was visualized on 
screen during the entire PEEP trial without repositioning the EIT belt. The PEEP titration 
tool of the EIT devices was used to guide PEEP titration.
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A decremental PEEP trial was performed starting at the baseline PEEP according to the 
high PEEP-FiO2 table (PEEPbase). We increased the airway pressure until PEEP was 10 
cmH2O above PEEPbase with a minimum of 24 cmH2O, corresponding to the maximum 
PEEP advised by the high PEEP-FiO2 table.[1] The imposed driving pressure (i.e. the 
difference between PEEP and peak pressure) remained unchanged during the trial. In 
case of hypotension (MAP <60mmHg) or desaturation (SpO2 <88%), PEEP was limited to 
the highest airway pressure without hypotension or desaturation. We aimed to maintain 
PEEP for at least one minute in order to establish a constant electrical impedance signal. 
PEEP was reduced in steps of 2 cmH2O every 30 seconds until continuous EIT monitoring 
showed evident collapse as compared to maximum PEEP. To confirm a further increase 
in collapse, PEEP was lowered an additional 2 cmH2O. Subsequently, we performed 
a small recruitment manoeuvre at the highest PEEP used during the PEEP trial for 30 
seconds. The PEEP titration tools of both EIT devices provided a percentage of relative 
alveolar overdistention and collapse at every PEEP step. PEEP was set (PEEPset) at the 
lowest PEEP step above the intersection of the curves representing relative alveolar 
overdistention and collapse, as described previously (see Figure 2 (C)).[18, 19]

Mechanical ventilation, SpO2 and hemodynamic parameters were recorded at PEEPbase 
and after 30 minutes of PEEPset. Plateau airway pressure (Pplat) and total PEEP were 
measured during an inspiratory and expiratory hold procedure, respectively. We used 
the last arterial blood gas before and the first arterial blood gas after the decremental 
PEEP trial for calculation of the PaO2/FiO2 ratio at PEEPbase and PEEPset, respectively. 
Patient characteristics were extracted from the patient information system.

The primary goal of this study was to compare PEEPbase with PEEPset. Secondary goals 
were to compare respiratory mechanics and oxygenation before and after the PEEP 
trial. Subsequently, we identified the patients in whom PEEPset according to the EIT 
guided PEEP trial was decreased by ≥2 cmH2O (PEEPlower) or was increased by ≥2 cmH2O 
(PEEPhigher) as compared to PEEPbase. Patients with a change in PEEPset of less than 2 
cmH2O as compared to PEEPbase were assigned to a third group: PEEPequal. The change 
in percentage of relative alveolar overdistention and collapse were reported between 
PEEP 24 cmH2O and PEEP 12 cmH2O, because both PEEP levels were reached during the 
PEEP trial in 93% (n = 70) of patients.

Statistical analysis
Data were presented as mean (standard deviation), median [25th-75th percentile] or 
count (percentage). Data was tested for normality using the Shapiro-Wilk test. The Student 
independent T-test or Mann-Whitney U test was used for the comparison between two 
groups. A one-way ANOVA or the Kruskal Wallis test was used for the comparison between 
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three groups. The Student dependent T-test or Wilcoxon signed-rank test was used to 
compare changes from baseline within patients. A repeated measures ANOVA or Friedman 
test was used to compare changes over more than two levels. The Chi-square test was 
used to compare frequencies. Bonferroni correction was applied to correct for multiple 
testing. Spearman’s rank correlation coefficient (ρ) was used for calculation of correla-
tions between variables. A p-value of ≤0.05 was considered to be statistically significant.

RESULTS

Seventy-five mechanically ventilated patients with COVID-19 related ARDS were included 
in this retrospective cohort study. Patients had a median age of 64 years [54-71] and a 
body mass index (BMI) of 30.4 kg/m2 (5.8). Median APACHE IV score at ICU admission was 
70 (27) and median time since intubation was 3 days [1-8].

In the entire cohort, we did not observe a difference between the median PEEP level 
before and after the PEEP trial (Table 1). After the PEEP trial, there was a small increase 
in static compliance and tidal volume. In 31% of patients (n=23), PEEP was decreased 
by ≥2 cmH2O and in 32% of patients (n=24) PEEP was increased by ≥2 cmH2O (Figure 1). 
The remaining 28 patients (37%) were assigned to PEEPequal group. EIT images of a 
representative patient from the PEEPlower group and the PEEPhigher group are shown in 
Figure 2. In 5 patients (7%) a PEEP of 24 cmH2O could not be applied due to desaturation 
(n=4) or hypotension (n=1). Desaturation occurred only in the PEEPlower group. One (1%) 
pneumothorax was observed following central catheter placement.

Table 1: PEEPbase versus PEEPset.

PEEPbase PEEPset Difference p-value

Total PEEP (cmH2O) 17.0 [16.0-19.0] 18.0 [14.0-20.0] 0.2 [-2.0-2.0] 1.00

Plateau pressure (cmH2O) 28.0 [25.0-30.8] 28.0 [24.2-30.0] 0.0 [-3.0-2.0] 0.80

Driving pressure (cmH2O) 10.0 [8.0-14.0] 10.0 [7.5-13.0] -0.5 [-1.0-0.8] 0.083

Tidal volume (mL/kg PBW) 6.5 [5.7-7.0] 6.6 [5.9-7.4] 0.2 [-0.1-0.6] 0.002*

Static compliance (mL/cmH2O) 45 [33-59] 49 [35-64] 4 [-2-8] 0.016*

PaO2 (mmHg) 81 [72-93] 80 [68-96] 0 [-16-13] 1.00

PaO2/FiO2 ratio (mmHg) 162 [110-201] 159 [123-212] 0 [-24-51] 0.92

SpO2 (%) 95 [93-95] 95 [93-96] 0 [-2-2] 1.00

PaCO2 (mmHg) 45 [41-52] 45 [40-53] -1 [-5-5] 0.71

Systolic Blood Pressure (mmHg) 130 (24) 134 (23) 4 (27) 0.63

Diastolic Blood Pressure (mmHg) 60 [54-65] 61 [54-67] -1 [-4-3] 1.00

Mean Arterial Pressure (mmHg) 82 [76-91] 83 [77-93] -1 [-6-5] 1.00

Heart rate (/min) 79 [70-94] 81 [70-92] 1 [-2-4] 0.22

Data are presented as mean (standard deviation) or median [25th and 75th percentile]. * p < 0.05
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Patients in the PEEPlower group had a lower BMI, a higher APACHE IV score, a longer time 
between onset of symptoms and intubation, a higher d-dimer concentration at ICU 
admission, and a higher incidence of pulmonary embolism as compared to the other 
groups (Table 2). In the entire cohort, we found a statistically significant correlation be-
tween PEEPset and BMI (ρ= 0.59, p-value <0.001), and time between onset of symptoms 
and intubation (ρ= -0.42, p-value <0.001). We did not observe a correlation between 
PEEPset and APACHE IV score (ρ= -0.10, p-value 0.41) or d-dimer concentration (ρ= -0.06, 
p-value 0.66). PEEPset resulted in an increase in tidal volume at the same driving pressure 
(static compliance was not significantly changed after Bonferroni correction) compared 
to PEEPbase in patients in the PEEPlower group, but not in the other two groups (Table 3). In 
addition, we observed a significant reduction in plateau pressure in the PEEPlower group. 
In the patients assigned to PEEPhigher group, we observed a significant increase in plateau 
pressure. There was a trend for a higher PaO2/FiO2 ratio, but this was not significant after 
Bonferroni correction.

Table 5-8 in de Supplementary Materials show the respiratory mechanics at the baseline 
PEEP, the highest and lowest PEEP during the decremental PEEP trial and the set PEEP 
immediately after it was set for the entire cohort (Table 5) and the PEEPlower (Table 6), 
PEEPequal (Table 7) and and PEEPhigher (Table 8) groups.

Figure 1 Change in PEEP following the EIT guided PEEP trial.

All 75 patients in this cohort are shown on the x-axis. On the y-axis, the change in PEEP (PEEPset - PEEPbase) is presented. 
We identified the patients in which PEEPset according to the EIT guided PEEP trial was decreased by ≥2 cmH2O (PEEPlower in 
blue) or was increased by ≥2 cmH2O (PEEPhigher in green) as compared to PEEPbase. Patients with a change in PEEPset of less 
than 2 cmH2O as compared to PEEPbase were assigned to a third group: PEEPequal (in orange).
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Figure 2

Overdistention and collapse for two typical patients. A — A patient assigned to the PEEPhigher group. The top row displays 
ventilation distribution at four levels of PEEP (left to right: 28, 20, 16, and 10 cmH2O). Black indicates no ventilation, various 
shades of blue indicate ventilation, and white indicates the region where most ventilation is detected. At high PEEP levels 
ventilation occurs in the dorsal lung regions, whereas the center of ventilation shifts ventrally at lower PEEP levels. The 
distribution of alveolar overdistention (orange) and alveolar collapse (white) are shown in the bottom row. At high PEEP 
levels only a small amount of ventilation is detected in the ventral region as a result of overdistention. At low PEEP levels 
ventilation shifts ventrally as a result of alveolar collapse. High PEEP resulted in a relatively small increase in alveolar over-
distention and a large decrease in alveolar collapse. This patient was considered to have high recruitability and total PEEP 
was set at the lowest PEEP step above the intersection of both curves: 20 cmH2O.; B — A patient assigned to the PEEPlower 
group. The top row displays ventilation distribution at four levels of PEEP (left to right: 24, 20, 12, and 6 cmH2O). A decrease 
in PEEP resulted in an increase in ventilation (light blue to white) and even at a low PEEP level of 6 cmH2O ventilation in the 
dorsal lung regions is more or less preserved. At high PEEP levels, the relative amount of alveolar overdistention is 29%, 
which indicates severe alveolar overdistention. In contrast, at low PEEP levels the amount of alveolar overdistention is 
significantly reduced, and only a small amount of alveolar collapse is identified (8%). This patient was considered to have 
low recruitability and PEEP was set at 10 cmH2O.
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C

C — This plot represents the relative amount of alveolar overdistention and collapse as measured by EIT during a decre-
mental PEEP trial. PEEP was set above at the lowest PEEP step above the intersection of the curves representing relative 
amount of alveolar overdistention and collapse (vertical lines). The patient in PEEPhigher group (orange triangles) had lower 
amounts of relative overdistention and higher amounts of alveolar collapse at the same PEEP level as compared to the 
patient assigned to a patient in PEEPlower group (blue dots).

Table 2: Comparison of baseline characteristics between PEEP groups.

Total 
(n=75)

PEEPlower 
(n=23)

PEEPequal 
(n=28)

PEEPhigher 
(n=24)

p-value

Male gender 59 (79%) 19 (83%) 22 (79%) 18 (75%) 0.82

BMI (kg/m2) 30.4 (5.8) 27.8 (5.6) 31.4 (5.5) 31.6 (5.8) 0.037*

Age (y) 64 [54-71] 66 [60-73] 64 [54-68] 59 [53-70] 0.27

Apache IV score at ICU admission 70 (27) 85 (32) 66 (24) 61 (19) 0.004*

Time since onset symptoms (d) 14 [10-17] 15 [14-26] 14 [8-17] 12 [7-16] 0.061

Time since intubation (d) 3 [1-8] 4 [2-14] 3 [2-6] 2 [1-7] 0.52

Time between onset symptoms and intubation (d) 10 [7-12] 10 [9-13] 7 [6-12] 8 [6-10] 0.046*

Time ventilated in other hospital (d) 1 [0-4] 2 [0-6] 1 [0-3] 1 [0-3] 0.51

28 day mortality 22 (29%) 8 (35%) 7 (25%) 7 (29%) 0.75

D-dimer at admission (mg/L) 1.6 [0.9-3.5] 2.9 [1.5-8.8] 1.2 [0.7-2.8] 1.3 [1.0-2.2] 0.026*

Pulmonary embolism at PEEP trial 13 (17%) 6 (26%) 3 (11%) 4 (17%) 0.35

Proven pulmonary embolism during ICU 
admission

38 (51%) 17 (74%) 12 (43%) 9 (38%) 0.026*

Data are presented as mean (standard deviation), count (%) or median [25th and 75th percentile]. * p < 0.05
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The relative percentages of alveolar collapse and overdistention at PEEPset did not differ 
between groups (Table 4). In the PEEPlower group, relative alveolar collapse increased 
by 8.3% (3.6-15.4%) in the dependent lung region and relative alveolar overdistention 
decreased by 28.3% (22.2-43.2%) in the non-dependent lung region as a result of a PEEP 
decrease from 24 to 12 cmH2O. In contrast, in PEEPhigher group this was 24.2% (20.1-
29.2%) and 15.1% (4.4-26.2%), respectively.

Table 3: Comparison of respiratory mechanics between PEEP groups.

PEEPlower 
(n=23)

p-value PEEPequal 
(n=28)

p-value PEEPhigher 
(n=24)

p-value

Total PEEP (cmH2O) PEEPbase 18.0 [16.4-19.0] 17.0 [15.8-19.6] 17.0 [15.8-18.2]

PEEPset 14.0 [11.0-16.0] <0.001* 18.0 [15.8-20.0] 0.48 20.0 [18.0-22.7] <0.001*

Plateau pressure 
(cmH2O)

PEEPbase 29.7 (5.0) 27.9 (3.9) 26.5 (3.3)

PEEPset 23.9 (4.7) <0.001* 27.8 (3.8) 1.00 30.1 (4.6) <0.001*

Driving pressure 
(cmH2O)

PEEPbase 11.0 [8.5-14.1] 9.8 [8.0-12.1] 9.0 [8.2-14.0]

PEEPset 11.0 [7.0-14.0] 0.065 9.5 [7.8-11.9] 0.37 10.0 [9.0-13.0] 1.00

Tidal volume (mL/
kg PBW)

PEEPbase 6.1 (1.2) 6.8 (1.4) 6.5 (0.8)

PEEPset 6.6 (1.3) 0.002* 7.1 (1.6) 0.060 6.5 (0.8) 1.00

Static compliance 
(mL/cmH2O)

PEEPbase 45 (26) 53 (23) 47 (16)

PEEPset 50 (22) 0.19 55 (19) 1.00 47 (16) 1.00

PaO2 (mmHg) PEEPbase 87 (29) 96 (54) 82 (16)

PEEPset 74 (19) 0.31 89 (23) 1.00 87 (16) 0.65

PaO2/FiO2 ratio 
(mmHg)

PEEPbase 141 (59) 188 (102) 162 (66)

PEEPset 149 (64) 1.00 182 (68) 1.00 185 (72) 0.16

SpO2 (%) PEEPbase 94 [93-95] 95 [94-95] 94 [93-95]

PEEPset 94 [92-96] 1.00 96 [93-97] 1.00 94 [93-96] 0.73

PaCO2 (mmHg) PEEPbase 48 [39-57] 44 [39-53] 45 [42-50]

PEEPset 44 [39-56] 1.00 44 [40-55] 1.00 46 [42-50] 1.00

Systolic Blood 
Pressure (mmHg)

PEEPbase 132 (26) 129 (24) 130 (22)

PEEPset 143 (19) 0.18 128 (24) 1.00 132 (23) 1.00

Diastolic Blood 
Pressure (mmHg)

PEEPbase 60 (11) 61 (9) 61 (11)

PEEPset 63 (13) 0.57 61 (10) 1.00 61 (11) 1.00

Mean Arterial 
Pressure (mmHg)

PEEPbase 81 [74-88] 83 [77-93] 82 [76-86]

PEEPset 89 [80-96] 0.42 81 [76-88] 0.56 83 [76-90] 1.00

Heart rate (/min) PEEPbase 83 [70-94] 87 [74-97] 74 [64-80]

PEEPset 84 [71-94] 1.00 88 [71-95] 1.00 75 [67-84] 0.043*

Data are presented as mean (standard deviation), count (%) or median [25th and 75th percentile]. * p < 0.05
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DISCUSSION

Based on the EIT guided PEEP trial, PEEP was decreased in 31% of patients and increased 
in 32% of patients. We found a significant positive correlation between PEEPset and BMI. 
Patients in PEEPlower group had improved respiratory mechanics after the PEEP trial, and 
had a lower BMI, longer time between onset of symptoms and intubation, and a higher 
incidence of pulmonary embolism during ICU admission. In patients in the PEEPlower 
group, an increase in PEEP resulted in major alveolar overdistention and a small amount 
of recruitment on EIT. In PEEPhigher group, we observed a significant increase in plateau 
pressure and improved oxygenation after the PEEP trial. In addition, an increase in PEEP 
resulted in significant alveolar recruitment and small amounts of alveolar overdistention 
on EIT. Hence, the latter group should be considered as recruitable. The PEEP trial was 
relatively safe, as 5% of patients had a desaturation and 1% of patients was hypotensive 
during the PEEP trial.

PEEPset resulted in a trend towards improved respiratory mechanics in the PEEPlower group 
and improved oxygenation in the PEEPhigher group. Both an improved driving pressure 
and improved oxygenation after a change in PEEP are associated with reduced mortality 
rate in patients with ARDS.[20] Therefore, we should aim to identify the patients that are 
likely to respond to PEEP, i.e. recruitability.

Recruitability is the amount of collapsed lung tissue that has the potential for reaeration 
at higher airway pressures.[21] An increase in PEEP in the patients in PEEPlower group 
resulted in major alveolar overdistention and a small amount of alveolar recruitment, 

Table 4: Comparison of alveolar collapse and overdistention between PEEP groups.

Total (n=75) PEEPlower 
(n=23)

PEEPequal 
(n=28)

PEEPhigher 
(n=24)

p-value

Alveolar collapse

Collapse at PEEPset 6.1 (3.6) 5.8 (3.9) 6.8 (3.9) 5.5 (2.8) 0.56

Collapse at PEEP 12 cmH2O 17.8 (10.8) 10.2 (7.9) 17.1 (8.8) 24.5 (11.4) <0.001*

Collapse at PEEP 24 cmH2O 0.0 [0.0-0.6] 0.0 [0.0-0.2] 0.0 [0.0-0.1] 0.4 [0.0-1.1] 0.12

Collapse diff (PEEP 24->12) 17.3 (10.3) 9.8 (7.7) 16.3 (8.0) 24.8 (10.2) <0.001*

Overdistention

Overdistention at PEEPset 11.3 [5.4-15.4] 8.8 [4.5-13.1] 10.1 [5.9-15.0] 12.8 [10.2-17.2] 0.20

Overdistention at PEEP 12 cmH2O 5.1 [2.1-9.2] 9.6 [4.9-15.5] 3.3 [1.4-6.1] 5.1 [3.6-7.7] 0.062

Overdistention at PEEP 24 cmH2O 31.3 [26.3-38.4] 37.5 [31.1-56.0] 30.8 [26.3-38.8] 29.6 [20.4-32.6] 0.025*

Hyperdistention diff (PEEP 24->12) -25.6
[-31.6–17.0]

-28.3
[-43.2–22.2]

-26.5
[-35.0–19.1]

-22.7
[-28.0–14.0]

0.13

Data are presented as mean (standard deviation) or median [25th and 75th percentile]. * p < 0.05
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whereas the patients in PEEPhigher group had significant alveolar recruitment and less 
alveolar overdistention. In patients with COVID-19 related ARDS, alveolar recruitment 
does not necessarily result in an increase in static compliance.[22] Thus, patients in 
PEEPlower group were considered to have low recruitability, patients in PEEPequal group 
had intermediate recruitability and patients in PEEPhigher group had high recruitability.

Until now, we tended to focus on the identification of patients that had high recruit-
ability.[23] However, it might also be beneficial to identify the patients that have low 
recruitability and are prone to alveolar overdistention. Patients with low recruitability 
had a lower BMI, a higher incidence of pulmonary embolism, and a longer time between 
onset of symptoms and intubation. Patients with obesity have lower transpulmonary 
pressures and lower end-expiratory long volumes as a result of higher pressure from 
the chest wall.[24] BMI has a positive correlation with recruitability and the use of 
higher PEEP, as higher PEEP increases transpulmonary pressure and reduces alveolar 
collapse.[18] In addition, patients in PEEPlower group had a higher incidence of pulmo-
nary embolism during ICU admission. These findings suggest that disturbed pulmonary 
perfusion, resulting in a ventilation-perfusion mismatch, caused hypoxemia in these 
patients. Nevertheless, all patients had a reduced static compliance, possibly leading 
to disturbed minute ventilation or increased dead space fraction as well.[25] Patients 
in PEEPlower group had a longer time between onset of symptoms and intubation. This 
could indicate that these patients may have had some form of patient self-inflicted lung 
injury or pulmonary fibrosis.[26] Unfortunately, we had too few CT scans at the day of 
PEEP titration to test this hypothesis. The PEEP trial did not reach a maximum PEEP of 24 
cmH2O in 4 (5.3%) patients because of desaturation. These four patients were assigned 
to the PEEPlower group and had large amounts of alveolar overdistention. Desaturation 
at high PEEP could be a clear indication of ventilation-perfusion mismatch, likely due to 
alveolar overdistention.

An observational cohort performed in the Netherlands found a median PEEP titrated by 
the clinician of 14.0 cmH2O (11.0-15.0).[27] Two small observational cohorts that used 
EIT to titrate PEEP found a median PEEP of 12.0 cmH2O.[28, 29] In our EIT guided popu-
lation, we found a higher median PEEP of 18.0 cmH2O (14.0-20.0) as compared to the 
other studies. Explanations are the relatively high BMI in our cohort and long duration of 
mechanical ventilation in the cohort of Sella et al.[29] In addition, there is no consensus 
on how to interpret EIT data obtained during a PEEP trial.[14, 30]

In our study, total PEEP was arbitrarily set at the PEEP level above the intersection of the 
curves representing relative alveolar overdistention and collapse.[18, 19] We chose this 
method as it is an intuitive and simple approach that can be performed at the bedside, 
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but arguably assumes that both alveolar overdistention and collapse are equally harm-
ful.[31] Both Perrier et al.[28] and Sella et al.[29] chose to set PEEP at the intersection of 
both curves itself, whereas Franchineau et al.[32] chose to limit alveolar collapse at 15%, 
independent of alveolar overdistention. The last approach favours alveolar collapse 
over alveolar overdistention and likely resulted in a lower set PEEP as compared to the 
method used in this study. Future research should focus on the best approach to titrate 
PEEP based on EIT data and its association with clinical outcomes.

Previous randomized controlled trials in patients with ARDS compared PEEP titrated 
using EIT to conventional methods. In patients with mild to severe ARDS He et al.[16] 
showed EIT resulted in a similar PEEP compared to the PEEP/FiO2 table, but was de-
coupled from FiO2. In patients with moderate to severe ARDS Hsu et al.[17] showed 
PEEP and mortality rate were lower using EIT compared to pressure-volume loops, 
but mortality rate was high overall (44% in de EIT group and 69% in the control group, 
vs. 21%-27% in the study by He et al.[16] and 29% in the current study). In our study, 
PEEP was not changed on average for the entire cohort after titration using EIT, but was 
changed with ≥2 cmH2O in the majority of patients.

This study has several limitations. First, this retrospective analysis was not prespeci-
fied in the study protocol and results should be considered hypothesis-generating. The 
main purpose of this EIT guided PEEP trial protocol was to improve clinical practice. As 
a consequence, mechanical ventilation parameters were only recorded at PEEPbase and 
PEEPset, limiting a more accurate retrospective analysis of the PEEP trials and EIT data 
at every PEEP step. A major limitation of this study is the lack of randomization and of 
the sequence of interventions. All patients received PEEP set by the clinician using the 
PEEP-FiO2 table first, and then the EIT guided PEEP trial. A part of the improvements in 
oxygenation and respiratory mechanics may be due to the PEEP trial itself, instead of 
the titration of PEEPset. This is noticeable in the changes in respiratory mechanics for 
the PEEPequal group. Second, only patients with COVID-19 related ARDS were included in 
this study. Although respiratory mechanics in non-COVID-19 related ARDS and typical 
ARDS seem to be similar, it is uncertain whether results can be generalized to the non-
COVID-19 related ARDS population.[8, 9] Third, maximum and minimum PEEP reached 
in all trials varied. The estimation of the amount of collapse and overdistention is based 
on the maximum compliance for each EIT pixel. It is probable or even likely maximum 
compliance is not reached for all pixels, e.g. due to residual collapse in the dependent 
lung at the highest PEEP level. Therefore, approximately 0% alveolar collapse at PEEP 
24 cmH2O does not necessarily mean that application of higher or prolonged airway 
pressures cannot result in additional alveolar recruitment. Fourth, we performed a 
PEEP trial with small steps of 2 cmH2O and a short step duration of 30 s. Some other 
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studies report larger steps and longer duration for similar PEEP trials.[15, 28, 32] There 
is a trade-off between step size, step duration and the time it takes to complete the pro-
tocol. After a change in PEEP respiratory mechanics can change in multiple ways with 
different time frames. By rapidly changing PEEP, we did not allow for slow effects like 
slow derecruitment, morphological changes to the abdomen and diaphragm, chang-
ing hemodynamics and changes in pO2 and pCO2. In addition, as a result of the large 
numbers of patients with COVID-19, we chose a time-efficient study protocol. Fifth, he-
modynamic monitoring was limited to continuous measurement of blood pressure and 
heart rate. PEEP titration is more than balancing alveolar overdistention and collapse, 
as PEEP influences cardiac output as well.[33] Although the PEEP trials had limited ef-
fects on blood pressure and heart rate, we cannot exclude a decrease in cardiac output. 
In addition, we did not assess pulmonary perfusion with EIT. Hence, EIT guided PEEP 
titration might have resulted in optimal ventilation, but not necessarily in an optimal 
ventilation-perfusion match. Sixth, ventilation distribution assessed by EIT is measured 
in only a small cross-sectional slice of the lung. Ventilation distribution changes when 
the EIT belt is placed more cranially or caudally, further complicating EIT guided PEEP 
titration.[34] Seventh, we used devices from two manufacturers to perform the EIT mea-
surements. Although the devices apply the same algorithm by Costa et al.[15] to derive 
the relative collapse and overdistention, results could vary due to differences in belts, 
reconstruction models and algorithms. Table 9-16 in the supplementary materials show 
the results presented in Table 1-4 split by EIT device. Considering the limited data it 
seems possible the Timpel Enlight 1800 gives higher values overdistention at high PEEP 
compared to the Dräger Pulmovista 500. Due to the small amount of measurements 
with the Timpel device (n=7), we were not able to properly compare the devices. Overall, 
considering only the measurements with the Dräger device (n=68) does not change our 
interpretation or conclusions.

In conclusion, a PEEP trial guided by EIT as compared to PEEP titration based on the 
PEEP-FiO2 table resulted in a clinically relevant change in PEEP in 63% of patients with 
COVID-19 related ARDS. We found a significant positive correlation between set PEEP 
and BMI. Patients in whom PEEP was decreased had a lower BMI, a longer time between 
onset of symptoms and intubation, and a higher incidence of pulmonary embolism. 
Our results support the hypothesis that PEEP should be personalised in patients with 
COVID-19 related ARDS in order to reduce the total amount of alveolar overdistention 
and collapse, i.e. too low or too high PEEP.
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SUPPLEMENTARY MATERIALS

Table 5: PEEP trials of all patients.

All patients Baseline Highest PEEP Lowest PEEP Set PEEP p value

Total PEEP (cmH2O) 17.0 [16.0-19.0] 27.0 [26.0-28.0] 10.2 [7.0-12.0] 18.0 [14.0-20.0] <0.001*

Plateau pressure (cmH2O) 28.0 [25.0-30.2] 38.0 [36.0-42.0] 19.5 [17.0-22.0] 28.0 [24.8-30.0] <0.001*

Driving pressure (cmH2O) 10.0 [8.0-14.0] 11.5 [9.0-15.2] 9.0 [6.7-12.2] 10.0 [7.3-13.0] <0.001*

Tidal volume (mL/kg PBW) 6.5 [5.7-7.0] 5.2 [4.5-5.8] 6.8 [6.0-7.6] 6.6 [5.9-7.3] <0.001*

Dynamic compliance (mL/cmH2O) 38 [26-48] 27 [16-35] 42 [32-55] 39 [28-50] <0.001*

FiO2 60 [60-70] 70 [60-85] 60 [60-70] 60 [60-70] 0.26

SpO2 (%) 95 [93-95] 95 [92-96] 94 [92-96] 95 [93-96] 0.37

PetCO2 (mmHg) 35 [30-42] 38 [32-45] 35 [31-42] 35 [31-42] <0.001*

Systolic Blood Pressure (mmHg) 128 [115-145] 115 [99-136] 136 [124-150] 131 [116-150] <0.001*

Diastolic Blood Pressure (mmHg) 60 [54-66] 55 [49-61] 61 [55-69] 61 [54-66] <0.001*

Mean Arterial Pressure (mmHg) 83 [77-91] 75 [69-83] 85 [80-96] 83 [76-92] <0.001*

Heart rate (/min) 78 [70-93] 82 [68-93] 80 [69-91] 80 [69-92] 0.52

Data are presented as median and 25th and 75th percentile.

Table 6: PEEP trials of the patients in the PEEPlower group.

PEEPlower (n=23) Baseline Highest PEEP Lowest PEEP Set PEEP p value

Total PEEP (cmH2O) 18.0 [16.2-19.0] 26.0 [26.0-28.0] 9.6 [6.8-11.0] 14.0 [11.2-16.0] <0.001*

Plateau pressure (cmH2O) 28.5 [26.2-32.8] 39.0 [36.0-41.8] 19.0 [16.0-21.0] 24.5 [21.2-28.0] <0.001*

Driving pressure (cmH2O) 11.0 [8.2-14.0] 12.5 [9.0-16.0] 10.0 [7.2-12.8] 11.5 [7.0-14.0] <0.001*

Tidal volume (mL/kg PBW) 6.2 [5.2-6.8] 5.1 [3.8-5.7] 6.9 [5.7-7.4] 6.6 [5.5-7.4] <0.001*

Dynamic compliance (mL/cmH2O) 32 [22-47] 21 [14-35] 38 [28-51] 32 [24-45] <0.001*

FiO2 40 [40-40] 40 [40-40] 40 [40-40] 40 [40-40] 1.00

SpO2 (%) 94 [93-95] 93 [88-95] 95 [93-96] 94 [92-96] 0.029*

PetCO2 (mmHg) 35 [29-44] 34 [31-44] 32 [29-43] 34 [29-39] 0.032*

Systolic Blood Pressure (mmHg) 136 [121-145] 115 [107-140] 145 [135-164] 143 [131-157] <0.001*

Diastolic Blood Pressure (mmHg) 61 [50-66] 51 [48-61] 62 [56-70] 62 [54-70] 0.012*

Mean Arterial Pressure (mmHg) 85 [80-89] 72 [67-87] 92 [85-99] 89 [80-95] <0.001*

Heart rate (/min) 83 [69-88] 84 [70-88] 84 [69-88] 81 [71-91] 0.90

Data are presented as median and 25th and 75th percentile.
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Table 7: PEEP trials of the patients in the PEEPequal group.

PEEPequal (n=28) Baseline Highest PEEP Lowest PEEP Set PEEP p value

Total PEEP (cmH2O) 17.0 [15.5-19.8] 26.7 [25.5-28.0] 11.0 [8.0-13.9] 18.0 [15.5-20.0] <0.001*

Plateau pressure (cmH2O) 28.0 [25.5-30.5] 38.0 [36.0-41.0] 20.0 [18.0-22.0] 28.0 [26.0-30.0] <0.001*

Driving pressure (cmH2O) 10.0 [8.1-12.2] 11.0 [9.2-13.5] 9.0 [6.3-11.0] 9.7 [7.5-11.9] <0.001*

Tidal volume (mL/kg PBW) 6.5 [5.7-7.3] 5.2 [4.9-5.7] 6.6 [6.0-7.6] 7.0 [6.0-7.5] <0.001*

Dynamic compliance (mL/cmH2O) 43 [33-51] 28 [25-38] 46 [39-57] 46 [37-54] <0.001*

FiO2 60 [60-60] 72 [66-79] 60 [60-60] 60 [60-60] 0.39

SpO2 (%) 95 [94-95] 95 [94-96] 94 [91-96] 95 [93-96] 0.081

PetCO2 (mmHg) 35 [31-46] 39 [33-47] 35 [32-44] 35 [33-43] 0.031*

Systolic Blood Pressure (mmHg) 126 [110-142] 114 [99-132] 134 [120-141] 128 [112-144] <0.001*

Diastolic Blood Pressure (mmHg) 61 [54-65] 54 [51-60] 59 [54-65] 59 [55-63] 0.003*

Mean Arterial Pressure (mmHg) 83 [77-93] 75 [68-84] 82 [79-90] 81 [76-88] <0.001*

Heart rate (/min) 88 [74-99] 89 [72-101] 86 [72-97] 89 [72-96] 0.80

Data are presented as median and 25th and 75th percentile.

Table 8: PEEP trials of the patients in the PEEPhigher group.

PEEPhigher (n=24) Baseline Highest PEEP Lowest PEEP Set PEEP p value

Total PEEP (cmH2O) 17.0 [15.8-18.2] 27.0 [25.8-29.0] 10.0 [7.0-12.5] 20.0 [18.0-22.7] <0.001*

Plateau pressure (cmH2O) 26.0 [24.5-28.5] 38.0 [36.0-43.0] 18.0 [17.0-22.5] 30.0 [28.0-32.5] <0.001*

Driving pressure (cmH2O) 9.0 [8.2-14.0] 11.0 [10.0-16.0] 8.7 [7.0-13.0] 10.0 [9.0-13.0] <0.001*

Tidal volume (mL/kg PBW) 6.5 [6.0-6.9] 5.1 [4.4-6.3] 6.6 [6.1-7.3] 6.5 [6.0-7.1] <0.001*

Dynamic compliance (mL/cmH2O) 38 [26-44] 27 [16-34] 41 [33-48] 39 [28-45] <0.001*

FiO2 80 [75-85] 85 [78-92] 85 [78-92] 85 [78-92] 0.39

SpO2 (%) 94 [93-95] 95 [92-96] 94 [92-97] 94 [93-96] 0.84

PetCO2 (mmHg) 35 [30-38] 39 [35-43] 36 [32-39] 37 [33-41] 0.004*

Systolic Blood Pressure (mmHg) 125 [115-145] 109 [99-130] 134 [124-148] 128 [114-147] <0.001*

Diastolic Blood Pressure (mmHg) 59 [55-66] 55 [52-62] 61 [54-69] 62 [54-66] 0.007*

Mean Arterial Pressure (mmHg) 82 [76-86] 75 [70-82] 85 [80-96] 83 [76-90] 0.002*

Heart rate (/min) 74 [64-80] 74 [63-84] 75 [64-86] 75 [67-84] 0.12

Data are presented as median and 25th and 75th percentile.
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Table 9: PEEPbase versus PEEPset for patients where EIT-measurements were performed with the Dräger device.

PEEPbase PEEPset Difference p-value

Total PEEP (cmH2O) 17.0 [16.0-19.0] 18.0 [14.0-20.9] 0.7 [-2.0-2.0] 1.00

Plateau pressure (cmH2O) 28.0 (4.1) 27.4 (5.1) -0.5 (4.6) 1.00

Driving pressure (cmH2O) 10.0 [8.1-14.0] 10.0 [7.7-13.0] -1.0 [-1.0-0.7] 0.080

Tidal volume (mL/kg PBW) 6.5 [5.7-7.0] 6.6 [6.0-7.3] 0.2 [-0.1-0.7] 0.002*

Static compliance (mL/cmH2O) 44 [33-60] 49 [34-64] 4 [-2-8] 0.035*

PaO2 (mmHg) 80 [73-92] 80 [68-95] 0 [-16-13] 1.00

PaO2/FiO2 ratio (mmHg) 161 [113-199] 161 [123-211] 0 [-25-55] 0.90

SpO2 (%) 95 [93-95] 94 [93-96] 0 [-2-2] 1.00

PaCO2 (mmHg) 45 [40-53] 45 [40-52] -1 [-5-4] 0.57

Systolic Blood Pressure (mmHg) 126 [115-145] 131 [114-147] -2 [-10-12] 1.00

Diastolic Blood Pressure (mmHg) 60 [54-65] 60 [54-66] -1 [-4-3] 1.00

Mean Arterial Pressure (mmHg) 83 [76-91] 83 [76-91] -1 [-6-5] 1.00

Heart rate (/min) 83 [72-95] 81 [70-92] 1 [-1-4] 0.11

Data are presented as mean (standard deviation) or median [25th and 75th percentile]. * p < 0.05

Table 10: PEEPbase versus PEEPset for patients where EIT-measurements were performed with the Timpel device.

PEEPbase PEEPset Difference p-value

Total PEEP (cmH2O) 18.0 [15.8-19.8] 17.0 [14.0-18.6] -2.0 [-3.5-0.0] 0.47

Plateau pressure (cmH2O) 28.0 [23.5-30.5] 26.0 [25.0-27.5] -3.0 [-3.5-0.5] 0.47

Driving pressure (cmH2O) 11.0 [7.2-11.8] 9.0 [7.5-11.9] 0.0 [-0.8-0.5] 1

Tidal volume (mL/kg PBW) 6.2 [5.7-7.3] 6.2 [5.5-7.4] -0.0 [-0.0-0.1] 1

Static compliance (mL/cmH2O) 51 [37-55] 52 [38-66] 4 [0-5] 0.66

PaO2 (mmHg) 83 [72-93] 71 [66-107] 6 [-13-24] 1

PaO2/FiO2 ratio (mmHg) 164 [114-216] 159 [112-222] 7 [-18-11] 1

SpO2 (%) 96 [94-97] 96 [94-96] -1 [-1-2] 1

PaCO2 (mmHg) 44 [42-48] 45 [39-53] 2 [-5-7] 0.69

Systolic Blood Pressure (mmHg) 129 [103-156] 152 [146-164] 4 [-5-54] 1

Diastolic Blood Pressure (mmHg) 52 [49-71] 65 [50-70] 3 [-2-14] 1

Mean Arterial Pressure (mmHg) 81 [75-84] 92 [84-100] 3 [-3-29] 1

Heart rate (/min) 75 [65-82] 71 [62-90] -3 [-4-0] 0.46

Data are presented as mean (standard deviation) or median [25th and 75th percentile]. * p < 0.05
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Table 11: Comparison of baseline characteristics between PEEP groups for patients where EIT-measurements were 
performed with the Dräger device.

Total (n=68) PEEPlower 
(n=19)

PEEPequal 
(n=25)

PEEPhigher 
(n=24)

p-value

Male gender 53 (78%) 15 (79%) 20 (80%) 18 (75%) 0.91

BMI (kg/m2) 30.5 (6.0) 27.3 (5.7) 31.8 (5.6) 31.6 (5.8) 0.020*

Age (y) 64 [56-70] 66 [62-73] 63 [54-68] 59 [53-70] 0.15

Apache IV score at ICU admission 69 (27) 84 (32) 66 (26) 61 (19) 0.013*

Time since onset symptoms (d) 14 [10-18] 15 [14-27] 15 [8-18] 12 [7-16] 0.037*

Time since intubation (d) 3 [2-9] 4 [2-16] 3 [2-7] 2 [1-7] 0.48

Time between onset symptoms and intubation (d) 10 [7-12] 11 [10-13] 7 [6-12] 8 [6-10] 0.056

Time ventilated in other hospital (d) 1 [0-3] 2 [0-8] 1 [0-3] 1 [0-3] 0.71

28 day mortality 21 (31%) 7 (37%) 7 (28%) 7 (29%) 0.80

D-dimer at admission (mg/L) 1.5 [0.9-3.2] 2.9 [1.3-9.3] 1.2 [0.7-2.8] 1.3 [1.0-2.2] 0.090

Pulmonary embolism at PEEP trial 12 (18%) 5 (26%) 3 (12%) 4 (17%) 0.46

Proven pulmonary embolism during ICU 
admission

32 (47%) 13 (68%) 10 (40%) 9 (38%) 0.088

Data are presented as mean (standard deviation), count (%) or median [25th and 75th percentile]. * p < 0.05

Table 12: Comparison of baseline characteristics between PEEP groups for patients where EIT-measurements were 
performed with the Timpel device.

Total (n=7) PEEPlower (n=4) PEEPequal (n=3) p-value

Male gender 6 (86%) 4 (100%) 2 (67%) 0.88

BMI (kg/m2) 27.8 [26.9-29.7] 28.1 [27.7-30.8] 26.3 [26.2-28.6] 0.40

Age (y) 65 [53-72] 58 [49-68] 71 [62-72] 0.63

Apache IV score at ICU admission 74 [58-90] 88 [70-110] 59 [58-68] 0.48

Time since onset symptoms (d) 9 [5-12] 13 [12-14] 4 [4-6] 0.077

Time since intubation (d) 2 [1-4] 4 [2-4] 1 [1-2] 0.20

Time between onset symptoms and intubation (d) 7 [4-8] 9 [8-10] 3 [2-5] 0.12

Time ventilated in other hospital (d) 1 [0-3] 3 [2-4] 1 [0-1] 0.28

28 day mortality 1 (14%) 1 (25%) 0 (0%) 1.00

D-dimer at admission (mg/L) 4.2 [3.3-6.4] 4.2 [3.3-6.4] n.d.a.

Pulmonary embolism at PEEP trial 1 (14%) 1 (25%) 0 (0%) 1.00

Proven pulmonary embolism during ICU admission 6 (86%) 4 (100%) 2 (67%) 0.88

Data are presented as mean (standard deviation), count (%) or median [25th and 75th percentile]. * p < 0.05, n.d.a.: no 
data available
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SUMMARY AND GENERAL DISCUSSION

Despite more than 50 years of clinical research in patients with Acute Respiratory Distress 
Syndrome (ARDS), only few interventions have shown to significantly improve clinical 
outcomes.[1, 2] The heterogeneity in risk factor for ARDS, inflammatory status, and 
respiratory mechanics likely resulted in no overall treatment effect in trials including 
patients with ARDS.[3, 4] Secondary analyses of negative randomized controlled trials 
found that some subgroups of patients did benefit from a significant treatment effect.[5, 
6] Thus, in patients with ARDS it is crucial to select the patient that is likely to respond to 
a specific treatment.[7] The aim of this thesis was to personalise treatment of patients 
with ARDS based on biomarkers or recruitability (Chapter 1. General introduction). 
Ultimately, we aim to identify which patient is likely to benefit from a specific treatment, 
such as corticosteroids or higher airway pressures.

In Part I. Personalised treatment of ARDS based on biomarkers, we examined plasma 
biomarkers and locally sampled biomarkers in order to identify biologically derived 
ARDS phenotypes for future research.

First, we performed a systematic review to identify biomarkers independently associ-
ated with ARDS development and mortality in Chapter 2. We included biomarkers that 
were obtained in plasma, bronchoalveolar lavage fluid, and even cerebrospinal fluid. 
Unfortunately, we were unable to perform a meta-analysis because of heterogeneous 
data presentation in the included studies. We found that the majority of biomarkers in 
plasma tested for both ARDS development and mortality were surrogates for systemic 
inflammation, epithelial injury or endothelial injury. Following qualitative inspection, 
biomarkers for systemic inflammation were not independently associated with either 
ARDS development or mortality. In contrast, biomarkers for alveolar epithelial injury 
(plasma receptor for advanced glycation end products and surfactant protein D) and 
endothelial permeability (plasma angiopoeitin-2), seemed to be associated with ARDS 
development.

Before we assess biomarkers in patients with ARDS, we must consider how we intend 
to use these biomarkers.[8] A biomarker for ARDS development should be specific for 
ARDS, i.e. a biomarker that reflects alveolar injury or alveolar-capillary injury. Locally 
sampled biomarkers for systemic inflammation, for example in the alveolar space, could 
potentially diagnose ARDS or establish ARDS severity.[9] Biomarkers for the identifica-
tion of less heterogeneous ARDS phenotypes do not require to be ARDS specific, pro-
vided that they adequately stratify patients with ARDS.
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In Chapter 3, a link between mechanical ventilation, pulmonary inflammation, and 
surfactant function impairment is described according to the purinergic signalling hy-
pothesis. Extracellular adenosine-triphosphate (ATP) is thought to be a key molecule in 
the development of lung injury and ARDS.[10] ATP is released by the alveolar epithelial 
type I cells as a result of cyclic deformation. Above a certain threshold, extracellular ATP 
molecules act as a danger-associated molecular pattern and activate the innate immune 
response through purinergic receptors. Extracellular ATP is a non-specific marker for 
tissue injury and has a short half-life. We hypothesized that ATP assessed in pulmonary 
fluid could be used to monitor lung injury or ARDS development.

In Chapter 4, we examined the feasibility of measuring pulmonary extracellular ATP in 
exhaled breath condensate (EBC) of healthy volunteers with increased minute ventila-
tion following an exercise test. We found that ATP could be measured in EBC and concen-
trations increased after the exercise test. However, as a result of multiple physiological 
changes, we could not attribute the increase in ATP concentration to the increase in tidal 
volume or respiratory rate alone.

EBC samples during mechanical ventilation are usually obtained by guiding the expira-
tory tubing through a thermo-electric cooling module.[11] In Chapter 5, we collected 
the EBC that cumulated in the expiratory tubing during mechanical ventilation and 
named it swivel-derived exhaled breath condensate (SEBC). We found that biomark-
ers were readily detectable in 29 samples collected in 13 mechanically ventilated ICU 
patients. In addition, high tidal volume ventilation was positively correlated with inter-
leukin-10, interleukin-12 and macrophage inflammatory protein-1. SEBC is a relatively 
simple method to sample the pulmonary compartment and provides opportunities for 
collection of EBC during mechanical ventilation in large prospective cohorts.

In Chapter 6, we aimed to identify a subgroup in patients with community-acquired 
pneumonia (CAP) that benefit from adjuvant treatment with corticosteroids. We per-
formed a latent class analysis (LCA) in patients with CAP included in one prospective 
cohort and two randomized controlled trials (Ovidius trial and STEP trial).[12-14] We 
identified two subgroups based on clinical variables and biomarkers in both cohorts: 
a relatively hypoinflammatory subgroup and a hyperinflammatory subgroup. Patients 
in the hyperinflammatory subgroup had higher concentrations of inflammatory bio-
markers, and a lower blood pressure and oxygen saturation. In addition, patients in 
the hyperinflammatory subgroup had longer length of stay, higher mortality rate, and 
higher incidence of ICU admission. Subsequently, we aimed to identify a heterogeneous 
treatment effect for treatment with corticosteroids. In the Ovidius cohort, we found that 
the treatment effect of corticosteroids was greater in patients in the hyperinflamma-
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tory subgroup. However, we did not find a heterogeneous treatment effect in the STEP 
cohort. Possible explanations were the different sets of variables used in both studies or 
the lower inflammatory biomarker concentrations in the STEP cohort. Future research 
should focus on further identification of the subgroup in patients with CAP that is likely 
to benefit from treatment with corticosteroids.

In Part II. Personalised treatment of ARDS based on recruitability, advanced respira-
tory monitoring was used to identify different phenotypes and PEEP responses in pa-
tients with ARDS. Chapter 7 was a narrative review in which we described the rationale 
and indications for the use of higher PEEP and recruitment manoeuvres, i.e. the open 
lung concept, in patients with ARDS. We suggested to monitor treatment response and 
continue or discontinue treatment accordingly. In Chapter 8, the open lung concept 
was applied in patients with severe ARDS and refractory hypoxemia under mechanical 
ventilation according to the ARDS Network protocol. This small retrospective study 
showed how a recruitment manoeuvre and higher PEEP could improve oxygenation and 
prevented the use of veno-venous extracorporeal membrane oxygenation. The majority 
of patients were responders in terms of oxygenation and we reported an ICU survival 
rate of 88% (n=8). Although we mentioned recruitability in the discussion, we did not 
actually measure the amount of alveolar overdistention and collapse.

In Chapter 9 we used electrical impedance tomography (EIT) in order to visualize al-
veolar overdistention and collapse during PEEP titration in patients with coronavirus 
disease (COVID-19) related ARDS. PEEP was set at the minimum relative amount of both 
alveolar collapse and alveolar overdistention following a decremental PEEP trial. In the 
first 15 patients in our ICU, we found that PEEP set was positively correlated with body 
mass index. In addition, we showed that PEEP set was relatively stable over time and did 
not decrease following respiratory improvement. None of the guidelines for mechanical 
ventilation in (COVID-19 related) ARDS incorporate a PEEP adjustment for BMI.[15]

In Chapter 10, we compared the PEEP set according to the PEEP-FiO2 table at baseline 
and the PEEP set according to EIT following a decremental PEEP trial in 75 patients with 
COVID-19 related ARDS. We found that the majority of patients required either ≥2 cmH2O 
higher PEEP or ≥2 cmH2O lower PEEP as compared to the PEEP-FiO2 table at baseline. 
Patients that required less PEEP had a lower BMI, a higher incidence of pulmonary em-
bolism, and significantly more alveolar overdistention at higher PEEP levels. These data 
illustrated that the one-size-fits-all protocols that are used in most trials for mechanical 
ventilation do not take into account heterogeneity in patients with ARDS, nor do they 
account for treatment response. These data underscore the need for personalised me-
chanical ventilation in order to maximize the heterogeneous treatment effect. Although 
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PEEP requirement can be partially predicted by BMI, the identification of subgroups in 
patients with ARDS that require either lower or higher PEEP is still based on the actual 
PEEP response following a PEEP trial.

RECOMMENDATIONS AND FUTURE PERSPECTIVES

The identification of patient subgroups with a heterogeneous treatment effect poses 
both great opportunities and great challenges for future research.[5, 6, 16-18] The op-
portunities are an increased signal-to-noise ratio, resulting in a reduced sample size, a 
larger treatment effect size, and eventually more positive randomized controlled trials.
[19] The challenges are the possibility of phenotype misclassification – i.e. assigning 
a patient to the wrong phenotype possibly inflicting harm –, premature phenotyping 
based on limited patient data, and limited external validity.[1, 20] However, the biggest 
challenge is to construct an approach that correctly identifies a patient at the bedside 
and enables us to personalise and monitor treatment accordingly.

In Part I. Personalised treatment of ARDS based on biomarkers, we aimed to identify 
biologically derived phenotypes for future research. We searched for biomarkers associ-
ated with ARDS in plasma and we examined approaches to obtain locally sampled bio-
markers from the pulmonary compartment. We found that there is no single biomarker 
for ARDS yet, and that biomarkers should be combined with clinical variables in order to 
establish biologically derived phenotypes. Subsequently, we retrospectively performed 
a latent class analysis in patients with community-acquired pneumonia.

In order to prospectively establish a biologically derived phenotype in the ICU setting, 
immediate assessment of biomarkers is a prerequisite. In addition, biologically derived 
phenotypes are often based on complex multi-variable models. Both complicate the 
rapid inclusion of patients based on biological phenotypes in trials or the application of 
phenotypes at the bedside. Simpler alternatives are biological derived phenotypes based 
on readily available laboratory and clinical variables[21], or the use of a parsimonious 
model instead of the full models.[5, 22] For example, a three variable model – consisting 
of interleukin-8, bicarbonate, and protein C – could accurately predict the full model 
phenotype in patients with ARDS with an accuracy of 94%.[22] A point of care assay 
has been developed for interleukin-6 and soluble tumour necrosis factor receptor.[23] 
This point of care assay is currently used in the PHIND trial, which aims to prospectively 
classify ARDS patients in either a hyperinflammatory or hypoinflammatory phenotype.
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Similarly, we aim to assess a heterogeneous treatment effect based on clinical variables 
and biomarkers in individual patient data of more than six randomized controlled trials 
that examined the effect of corticosteroids in patients with CAP.[12, 14, 24-27] Based on 
this heterogeneous treatment effect we are constructing a biologically derived pheno-
type mainly based on readily available clinical variables. Subsequently, this phenotype 
will be validated in a prospective cohort. Eventually, the aim is to perform a randomized 
controlled trial in which treatment with corticosteroids is initiated only in the patients 
with community-acquired pneumonia that are likely to benefit from adjuvant treatment 
with corticosteroids.

In Part II. Personalised treatment of ARDS based on recruitability, we aimed to 
identify a subgroup of patients with ARDS that respond to treatment with higher air-
way pressures. Secondary analyses of previous studies showed that higher PEEP was 
associated with improved outcomes in patients with severe ARDS, more diffuse ARDS, 
or a hyperinflammatory status.[5, 28, 29] In patients with COVID-19 related ARDS, we 
used EIT to personalise PEEP and found that a higher BMI correlated with recruitability, 
whereas patients with a pulmonary embolism required less PEEP.

If the aim is to predict which patient with ARDS could benefit from a higher PEEP strategy, 
one could combine disease severity, inflammatory status, lung morphology, and BMI. A 
patient with severe ARDS, a hyperinflammatory status, diffuse ARDS, and high BMI is 
likely to benefit from a higher PEEP strategy. In contrast, one could recommend a lower 
PEEP strategy in patients with mild ARDS, a hypoinflammatory status, focal ARDS, and a 
low BMI. However, the PEEP response in patients with a contradictory profile, e.g. high 
BMI with severe but focal ARDS, is more difficult to predict. As a result, a patient could be 
misclassified as being recruitable or not recruitable and potential harm is inflicted using 
a higher PEEP strategy, as is suggested by the misclassified patients in the LIVE trial.[28]

The identification of a phenotype or subgroup predicts the response to a treatment, the 
actual response following treatment is often not evaluated in randomized controlled tri-
als. Response evaluation, and subsequent treatment continuation or discontinuation, 
likely reduces the adverse effects of patient misclassification. Especially in randomized 
controlled trials in which the effects of mechanical ventilation settings are assessed, 
treatment response can be monitored relatively easily. Secondary analyses of trials 
comparing PEEP strategies, found that improved oxygenation[30], reduced driving pres-
sure[31], or increased compliance[32] following a PEEP increase, resulted in improved 
patient outcomes. In contrast, there is no association between improved oxygenation 
following prone positioning and improved patient outcomes.[33] Alternatively, PEEP 
response could be monitored and adjusted real-time using EIT or transpulmonary pres-
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sure measurements.[34-36] A randomized controlled trial in patients with ARDS that 
compares the ARDS Network protocol with a treatment protocol that adjusts PEEP daily 
based on EIT or transpulmonary pressure measurements is feasible and could provide 
new insights in personalised mechanical ventilation in patients with ARDS.

In addition, the question remains whether phenotypes based on biomarkers or recruit-
ability are specific to the ARDS syndrome, or rather identify subgroups in ‘all’ critically 
ill patients. Lung morphology is likely to be ARDS specific by definition. However, the 
hyperinflammatory phenotype was also identified in critically ill patients without ARDS, 
and was associated with increased mortality rate.[37, 38] Hence, we could consider to 
treat critically ill patients in a hyperinflammatory state and with a high BMI with higher 
PEEP and evaluate treatment response. Instead of focussing on a heterogeneous syn-
drome diagnosis as ARDS, we could identify treatable traits. These treatable traits could 
be treated while monitoring treatment response; i.e. response based personalised treat-
ment.
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Ondanks ruim 50 jaar aan klinisch onderzoek, zijn er maar weinig interventies die de 
overleving verbeteren van patiënten met Acute Respiratory Distress Syndrome (ARDS).
[1, 2] ARDS is een heterogeen ziektebeeld. De heterogeniteit in onder andere risicofactor 
voor ARDS, ontstekingsstatus en longmechanica waren waarschijnlijk redenen dat er 
geen behandeleffect werd aangetoond in de gehele studiegroep.[3, 4] Secundaire analy-
ses van negatieve gerandomiseerde onderzoeken hebben echter aangetoond dat er in 
sommige subgroepen wel een significant behandeleffect is.[5, 6] Het is dus van cruciaal 
belang dat wij de juiste patiënt met ARDS selecteren voor een specifieke behandeling.[7] 
Het doel van dit proefschrift was om de behandeling van patiënten met ARDS te person-
aliseren op basis van biomarkers of rekruteerbaarheid (de mate waarin het longvolume 
toeneemt wanneer de luchtwegdruk wordt verhoogd). Uiteindelijk streven wij ernaar 
om de juiste patiënt te identificeren die waarschijnlijk baat zal hebben bij een specifieke 
behandeling, zoals met corticosteroïden of hogere luchtwegdrukken.

In Deel I. Personalisering van de behandeling van ARDS op basis van biomarkers, 
hebben wij biomarkers in plasma en lokaal (pulmonaal) verkregen biomarkers onder-
zocht om fenotypes voor ARDS te identificeren gebaseerd op biomarkers.

Allereerst hebben wij in Hoofdstuk 2 een systematische literatuurstudie uitgevoerd om 
biomarkers te identificeren die onafhankelijk geassocieerd zijn met de ontwikkeling of 
mortaliteit van ARDS. Wij includeerden biomarkers die werden verkregen in plasma, 
bronchoalveolaire lavagevloeistof en zelfs in cerebrospinale vloeistof. Helaas konden 
wij geen meta-analyse uitvoeren vanwege de heterogene presentatie van data in de 
geïncludeerde studies. Wij vonden dat de meerderheid van de onderzochte biomarkers 
in plasma voor ARDS ontwikkeling en mortaliteit een maat waren voor systemische ont-
steking, epitheelbeschadiging of endotheelbeschadiging. Biomarkers voor systemische 
ontsteking waren niet onafhankelijk geassocieerd met de ontwikkeling van ARDS of 
mortaliteit. Biomarkers voor alveolaire epitheelbeschadiging (plasma receptor for ad-
vanced glycation end products en surfactant protein D) en endotheliale permeabiliteit 
(plasma-angiopoetin-2) leken daarentegen geassocieerd te zijn met de ontwikkeling 
van ARDS.

Voordat wij biomarkers gebruiken in patiënten met ARDS, moeten wij overwegen wat 
het doel van de biomarker moet zijn.[8] Een biomarker voor de ontwikkeling van ARDS 
moet specifiek zijn voor ARDS, dus een biomarker die een maat is voor alveolaire schade 
of alveolo-capillaire schade. Lokaal verkregen biomarkers voor systemische ontsteking, 
bijvoorbeeld in de alveolaire ruimte, kunnen ARDS mogelijk wel diagnosticeren of de 
ernst van ARDS vaststellen.[9] Biomarkers die worden gebruikt voor de identificatie 
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van minder heterogene ARDS-fenotypes hoeven niet ARDS-specifiek te zijn, mits deze 
biomarkers patiënten met ARDS adequaat in groepen kunnen onderverdelen.

In Hoofdstuk 3 wordt de associatie beschreven tussen purine signalering (purinergic 
signalling) en mechanische ventilatie, longinflammatie en surfactant dysfunctie. Van 
extracellulair adenosinetrifosfaat (ATP) wordt verondersteld dat het een sleutelrol heeft 
in de ontwikkeling van longschade en ARDS.[10] ATP wordt vrijgegeven door de type 
I alveolaire epitheelcel als gevolg van cyclische vervorming. Wanneer een bepaalde 
drempelwaarde wordt bereikt, werken extracellulaire ATP-moleculen als een signaalstof 
voor gevaar (danger-associated molecular pattern) en activeren zij de aangeboren im-
muunrespons via purine receptoren. Extracellulair ATP is een niet-specifieke biomarker 
voor weefselbeschadiging en heeft een korte halfwaardetijd. Onze hypothese was dat 
ATP, wanneer gemeten in vocht afkomstig uit de longen, gebruikt zou kunnen worden 
om de ontwikkeling van longschade of ARDS te volgen.

In Hoofdstuk 4 onderzochten wij of het mogelijk is om extracellulair ATP te meten in 
uitgeademde lucht (exhaled breath condensate, EBC) van gezonde vrijwilligers met een 
verhoogd ademminuutvolume na een inspanningstest. Wij ontdekten dat ATP kon wor-
den gemeten in EBC en dat de concentraties na de inspanningstest toenamen. Als gevolg 
van meerdere fysiologische veranderingen konden wij de toegenomen ATP-concentratie 
echter niet alleen toeschrijven aan het toegenomen teugvolume of de ademhalingsfre-
quentie.

Het verkrijgen van EBC tijdens mechanische ventilatie gebeurt doorgaans door de 
expiratoire beademingsslang door een thermo-elektrische koelmodule te leiden.[11] 
In Hoofdstuk 5 hebben wij de EBC verzameld die zich ophoopte in de expiratoire be-
ademingsslang en swivel en noemde deze swivel-derived exhaled breath condensate 
(SEBC). Wij vonden onder andere dat verscheidene biomarkers detecteerbaar waren in 
29 monsters die waren verzameld in 13 mechanisch beademde IC-patiënten. Daarnaast 
vonden wij dat beademing met een groot teugvolume positief was gecorreleerd met 
interleukine-10, interleukine-12 en macrofaag inflammatoir eiwit-1. SEBC is een relatief 
eenvoudige methode om het longcompartiment te analyseren en biedt mogelijkheden 
voor het verzamelen van EBC tijdens mechanische ventilatie in grote prospectieve 
cohorten.

In Hoofdstuk 6 hebben wij patiënten met een banale longontsteking (community-
acquired pneumonia, CAP) geanalyseerd om een subgroep van patiënten te kunnen 
identificeren die baat heeft bij adjuvante behandeling met corticosteroïden. Wij voerden 
een secundaire analyse (latent class analysis, LCA) uit onder patiënten met een CAP die 
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deel uitmaakten van één prospectief cohort en twee gerandomiseerde gecontroleerde 
onderzoeken (Ovidius trial en STEP trial).[12-14] In beide cohorten identificeerden 
wij twee subgroepen op basis van klinische variabelen en biomarkers: een relatief 
hypo-inflammatoire subgroep en een hyper-inflammatoire subgroep. Patiënten in de 
hyperinflammatoire subgroep hadden hogere concentraties inflammatoire biomark-
ers en een lagere bloeddruk en zuurstofsaturatie. Bovendien hadden patiënten in de 
hyperinflammatoire subgroep een langere opnameduur, een hogere mortaliteit en een 
hogere incidentie van IC-opname. Vervolgens hebben wij geprobeerd een heterogeen 
behandeleffect vast te stellen voor adjuvante behandeling met corticosteroïden. In 
het Ovidius-cohort vonden wij dat het behandeleffect van corticosteroïden groter was 
bij patiënten in de hyperinflammatoire subgroep. Wij vonden echter geen heterogeen 
behandeleffect in het STEP-cohort. Mogelijke verklaringen waren de verschillende sets 
aan variabelen die in beide onderzoeken werden gebruikt of de lagere inflammatoire 
biomarkerconcentraties in het STEP-cohort. Toekomstig onderzoek moet zich richten 
op verdere identificatie van de subgroep van patiënten met CAP die waarschijnlijk baat 
zal hebben bij behandeling met corticosteroïden.

In Deel II. Personalisering van de behandeling van ARDS op basis van rekruteer-
baarheid, hebben wij geavanceerde monitoring gebruikt tijdens mechanische ventilatie 
om verschillende fenotypes en behandelrespons vast te stellen in patiënten met ARDS. 

In Hoofdstuk 7 werden de rationale en de indicaties voor het gebruik van hogere posi-
tieve eind-expiratoire druk (PEEP) en rekruteren, het zogenaamde openlong concept, in 
patiënten met ARDS beschreven. Wij stelden voor om de respons op de behandeling te 
monitoren en de behandeling dienovereenkomstig voort te zetten of te staken.

In Hoofdstuk 8 werd het open long concept toegepast bij patiënten met ernstig ARDS 
en refractaire hypoxemie onder beademing volgens het ARDS Network protocol. Deze 
kleine retrospectieve studie toonde aan hoe rekruteren en hogere PEEP de oxygenatie 
konden verbeteren en het gebruik van veno-veneuze extracorporale membraanoxygen-
atie konden voorkomen. De meerderheid van de patiënten verbeterde in termen van 
oxygenatie en wij rapporteerden een IC-overlevingspercentage van 88% (n=8). Hoewel 
wij in de discussie de rekruteerbaarheid vermeldden, hebben wij de hoeveelheid alveo-
laire overdistentie en collaps niet gemeten.

In Hoofdstuk 9 gebruikten wij elektrische impedantie tomografie (EIT) om alveolaire 
overdistentie en collaps te visualiseren tijdens PEEP-titratie in patiënten met COVID-19 
gerelateerde ARDS. De PEEP werd ingesteld op het niveau met de minimale relatieve ho-
eveelheid van zowel alveolaire collaps als alveolaire overdistentie na een afbouwende 
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PEEP trial. Bij de eerste 15 patiënten op onze IC stelden wij vast dat de ingestelde PEEP 
positief was gecorreleerd met de body mass index (BMI). Daarnaast toonden wij aan 
dat de ingestelde PEEP relatief stabiel was over de tijd en niet afnam na verbetering 
van het longbeeld. Geen van de richtlijnen voor mechanische ventilatie in (COVID-
19-gerelateerde) ARDS bevat een PEEP-aanpassing voor BMI.[15]

In Hoofdstuk 10 hebben wij de ingestelde PEEP volgens de PEEP-FiO2 tabel bij baseline 
en de ingestelde PEEP volgens EIT na de PEEP trial vergeleken in 75 patiënten met CO-
VID-19-gerelateerde ARDS. Wij vonden dat de meerderheid van de patiënten ≥2 cmH2O 
hogere PEEP of ≥2 cmH2O lagere PEEP nodig had in vergelijking met de PEEP-FiO2-tabel 
bij baseline. Patiënten die minder PEEP nodig hadden, hadden een lagere BMI, een 
hogere incidentie van longembolieën en significant meer alveolaire overdistentie bij 
hogere PEEP niveaus. Deze gegevens illustreren dat de one-size-fits-all protocollen die 
in de meeste onderzoeken voor mechanische ventilatie worden gebruikt, geen rekening 
houden met de heterogeniteit tussen patiënten met ARDS, noch met de respons op de 
behandeling. Deze data onderstrepen de noodzaak van gepersonaliseerde mecha-
nische ventilatie om het heterogene behandeleffect optimaal te benutten. Hoewel de 
hoeveelheid PEEP gedeeltelijk kan worden voorspeld door BMI, is de identificatie van 
subgroepen bij patiënten met ARDS die een lagere of hogere PEEP nodig hebben, nog 
steeds gebaseerd op de daadwerkelijke PEEP respons na een PEEP trial.

Aanbevelingen en toekomstperspectieven
De identificatie van subgroepen van patiënten met een heterogeen behandeleffect 
biedt zowel grote mogelijkheden als grote uitdagingen voor toekomstig onderzoek.[5, 
6, 16-18] De mogelijkheden zijn een verhoogde signaal-ruisverhouding, resulterend in 
een kleinere benodigde groepsgrootte, een groter behandeleffect en uiteindelijk meer 
positieve gerandomiseerde gecontroleerde onderzoeken.[19] De uitdagingen zijn de 
mogelijkheid van verkeerde classificatie van het fenotype ‐ d.w.z. het toewijzen van een 
patiënt aan het verkeerde fenotype met schade als gevolg ‐, vroegtijdige fenotypering 
op basis van beperkte patiëntgegevens en beperkte externe validiteit.[1, 20] De grootste 
uitdaging is echter om een   benadering te vinden die een patiënt correct identificeert aan 
het bed en ons in staat stelt om de behandeling dienovereenkomstig te personaliseren 
en te vervolgen.

In Deel I. Personalisering van de behandeling van ARDS op basis van biomarkers, 
wilden wij biologisch afgeleide fenotypes identificeren voor toekomstig onderzoek. Wij 
zochten naar biomarkers die geassocieerd zijn met ARDS in plasma en wij onderzochten 
methodes om lokale biomarkers uit het longcompartiment te verkrijgen. Wij ontdekten 
dat er vooralsnog geen specifieke biomarker voor ARDS is en dat biomarkers moeten 
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worden gecombineerd met klinische variabelen om biologisch afgeleide fenotypes vast 
te stellen. Vervolgens hebben wij retrospectief een LCA uitgevoerd bij patiënten met een 
CAP.

Om prospectief een biologisch afgeleid fenotype vast te stellen op de IC, is vrijwel directe 
analyse van biomarkers een vereiste. Daarnaast zijn biologisch afgeleide fenotypes vaak 
gebaseerd op complexe multivariabele modellen. Beide maken de snelle inclusie van 
patiënten met een biologisch fenotype in trials of de toepassing van fenotypes aan het 
bed een complexe aangelegenheid. Eenvoudigere alternatieven zijn biologisch afgeleide 
fenotypes op basis van direct beschikbare laboratorium en klinische variabelen[21], of 
het gebruik van een eenvoudig model in plaats van de volledige complexe modellen.
[5, 22] Zo kan een model met drie variabelen – bestaande uit interleukine-8, bicarbo-
naat en proteïne C ‐ het fenotype van het volledige model nauwkeurig voorspellen in 
patiënten met ARDS met een nauwkeurigheid van 94%.[22] Er is een point-of-care-assay 
ontwikkeld voor interleukine-6   en soluble tumornecrosefactor receptor.[23] Deze point-
of-care-assay wordt momenteel gebruikt in de PHIND-studie, die tot doel heeft ARDS-
patiënten prospectief te classificeren in een hyperinflammatoir of hypo-inflammatoir 
fenotype.

Net als in de PHIND-studie, streven wij ernaar om het heterogeen behandeleffect te 
onderzoeken in individuele patiënten data verkregen tijdens zes gerandomiseerde 
onderzoeken die het effect van corticosteroïden in patiënten met een CAP onder-
zochten. [12, 14, 24-27] Op basis van het heterogeen behandeleffect construeren wij een 
biologisch afgeleid fenotype, voornamelijk gebaseerd op direct beschikbare klinische 
variabelen. Vervolgens zal dit fenotype gevalideerd worden in een prospectief cohort. 
Uiteindelijk is het doel om een   gerandomiseerde gecontroleerde studie uit te voeren 
waarin behandeling met corticosteroïden alleen wordt gestart in patiënten met een CAP 
die waarschijnlijk positief zullen reageren op behandeling met corticosteroïden.

In Deel II. Personalisering van de behandeling van ARDS op basis van rekruteer-
baarheid, wilden wij een subgroep van patiënten met ARDS identificeren die positief 
zou kunnen reageren op behandeling met hogere luchtwegdrukken. Secundaire analy-
ses van eerdere onderzoeken toonden aan dat hogere PEEP was geassocieerd met 
verbeterde uitkomsten onder patiënten met ernstig ARDS, meer diffuus ARDS of een 
hyperinflammatoire status.[5, 28, 29] In patiënten met COVID-19-gerelateerde ARDS 
maakten wij gebruik van EIT om PEEP te personaliseren en vonden dat een hogere BMI 
correleerde met rekruteerbaarheid, terwijl patiënten met een longembolie minder PEEP 
nodig hadden.
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Als het doel is om te voorspellen welke patiënt met ARDS baat zou kunnen hebben bij een 
hogere PEEP-strategie, zou men de ernst van ARDS, de ontstekingsstatus, de longmor-
fologie en de BMI kunnen combineren. Een patiënt met ernstig ARDS, een hyperinflam-
matoire status, diffuus ARDS en een hoge BMI heeft waarschijnlijk baat bij een hogere 
PEEP-strategie. Daarentegen zou men een lagere PEEP-strategie kunnen aanbevelen bij 
patiënten met milde ARDS, een hypo-inflammatoire status, focale ARDS en een lage BMI. 
De PEEP-respons bij patiënten met een tegenstrijdig profiel, bijvoorbeeld een hoge BMI 
met ernstige maar focale ARDS, is moeilijker te voorspellen. Als gevolg hiervan kan een 
patiënt ten onrechte worden geclassificeerd als rekruteerbaar of niet rekruteerbaar en 
wordt potentiële schade toegebracht met behulp van een hogere PEEP-strategie, zoals 
wordt gesuggereerd door de verkeerd geclassificeerde patiënten in de LIVE-studie.[28]

De identificatie van een fenotype of subgroep voorspelt de respons op een behandel-
ing, de daadwerkelijke respons na behandeling wordt vaak niet geëvalueerd in geran-
domiseerde gecontroleerde studies. De evaluatie van de respons en het vervolgens 
voortzetten of onderbreken van de behandeling verminderen waarschijnlijk de nadelige 
effecten van het toewijzen van een patiënt aan de verkeerde subgroep. Vooral in trials 
waarin de effecten van mechanische ventilatie worden onderzocht, kan de respons op de 
behandeling relatief eenvoudig worden beoordeeld. Uit secundaire analyses van trials 
die PEEP strategieën hebben vergeleken, blijkt dat een verbeterde oxygenatie[30], een 
lagere driving pressure[31] of een toename aan compliantie[32] na een PEEP verhoging, 
resulteerde in betere uitkomsten. Daarentegen is er geen associatie tussen verbeterde 
oxygenatie na buikligging en overleving.[33] Een alternatief is het opvolgen van de PEEP 
respons middels EIT of transpulmonale drukmetingen.[34-36] Een gerandomiseerde 
gecontroleerde trial onder patiënten met ARDS die het ARDS Netwerk protocol vergeli-
jkt met een protocol dat PEEP dagelijks aanpast op basis van EIT of transpulmonale 
drukmetingen is haalbaar en zou nieuwe inzichten kunnen geven in gepersonaliseerde 
mechanische ventilatie in patiënten met ARDS.

Tot slot resteert de vraag of fenotypes op basis van biomarkers of rekruteerbaarheid 
specifiek zijn voor het ARDS syndroom, of ook subgroepen kunnen identificeren onder 
‘alle’ ernstig zieke patiënten. Longmorfologie is per definitie ARDS specifiek. Een hyper-
inflammatoir fenotype werd echter ook geïdentificeerd in ernstig zieke patiënten zonder 
ARDS en was geassocieerd met een verhoogde mortaliteit.[37, 38] Wij zouden kunnen 
overwegen om ernstig zieke patiënten met een hyperinflammatoire status en een hoog 
BMI te behandelen met hogere PEEP om vervolgens de behandelrespons te evalueren. 
In plaats van ons te richten op een heterogene syndroomdiagnose als ARDS, zouden wij 
op zoek kunnen gaan naar behandelbare kenmerken. Deze behandelbare kenmerken 
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kunnen worden behandeld, terwijl de respons wordt opgevolgd; zogenaamde op re-
spons gebaseerde gepersonaliseerde behandeling.
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de insteek van een manuscript. Dat heb ik altijd zeer op prijs gesteld. Jouw adviezen en 
kritische correcties hebben dit proefschrift naar een hoger niveau getild. Dank dat jij mij 
de kans hebt gegeven om onderzoek te doen op deze mooie IC!

Dr. Endeman, beste Rik, dankzij je gedrevenheid, hulp en adviezen is dit proefschrift 
ontaard in een uit de hand gelopen hobby. Ik weet nog goed dat je een klein jaar nadat 
ik op de IC was begonnen ook naar het Erasmus bent gekomen. Met jouw holistische blik 
heb je ervoor gezorgd dat dit proefschrift een combinatie is geworden tussen inflam-
matie en mechanische ventilatie, en dat beide onlosmakelijk met elkaar verbonden zijn. 
Zoals een echte opleider betaamt, leidt je op door zelf het goede voorbeeld te geven. 
Je bent benaderbaar, leergierig, betrokken en gedreven. Het schoolvoorbeeld van ‘een 
goede dokter’. Op naar nog heel wat avondjes Korean BBQ en mooie projecten!

Dr. Hasan, beste Djo, jij hebt me overtuigd om onderzoek te komen doen op de IC van 
het Erasmus MC. De eerste keer dat ik jou ontmoette, was bedoeld als kennismaking. 
Uiteindelijk ontaardde dat gesprek in een reeks colleges over beademing, ‘purinergic 
signalling’, en vele andere nieuwe ontdekkingen. Ik ken niemand die zo nauwgezet, vol-
ledig en enthousiast de literatuur induikt om antwoorden te vinden op de vele vragen 
die in je opkomen. Hoewel je al enige tijd niet meer werkzaam bent op de IC, was je altijd 
beschikbaar geweest voor vragen of discussie, dank!

Beste leden van de beoordelingscommissie, prof. dr. J. Aerts, prof dr. N. Juffermans 
en prof. dr. R. Pickkers, dank dat u bereid was om dit proefschrift te lezen en te beoor-
delen. Tevens dank om zitting te nemen in mijn promotiecommissie.
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Beste medeauteurs, hartelijk dank voor jullie samenwerking en kritische opmerkingen 
op mijn manuscripten. Het proefschrift is er vanzelfsprekend beter op geworden!

Peter Somhorst, beste Peter, wat heb ik de afgelopen jaren veel van je geleerd. Door 
jou heb ik de beginselen van de EIT en transpulmonale drukmetingen onder de knie 
gekregen. Tijdens het begin van de COVID-19 pandemie hebben wij bij schier eindeloze 
hoeveelheden patiënten de beademingsinstellingen geanalyseerd en aangepast. Daar-
naast was er gelukkig ook af en toe tijd voor een klein hapje of drankje. Ik zal het nooit 
vergeten: ‘Maak er maar 80 van’.

Jeroen Molinger, beste Jeroen, je enthousiasme, gedrevenheid en kennis van zaken 
werken aanstekelijk. Daarnaast heb ik dankzij jou een prachtige ingang gekregen bij Be-
Life om daar proefpersonen te kunnen includeren voor mijn eerste manuscript. Inmid-
dels zit je al heel wat jaartjes in de Verenigde Staten om daar je kennis te verspreiden. Ik 
ben blij dat we nog altijd goed contact hebben!

Wim Rietdijk, beste Wim, al vanaf het begin heb jij je zijdelings bezig gehouden met 
de opzet van mijn promotietraject. Hierbij stak je je mening niet bepaald onder stoelen 
of banken, ongeacht of dit een manuscript of een willekeurig ander onderwerp betrof. 
Bij menig manuscript hebben we gediscussieerd over de boodschap die erin moest 
staan. Als ik de boodschap had uitgelegd, hoorde ik doorgaans: ‘Waar staat dat dan?’. 
Daarnaast was er gelukkig ook tijd voor koffie en etentjes; dank daarvoor!

Esther Wittermans, beste Esther, wat begon als een klein project is uiteindelijk ontaard 
in een megalomaan project waarbij we meerdere studies uit Nieuwegein en Bazel heb-
ben uitgeplozen. Het resultaat mag er zijn! Dank voor de prettige samenwerking.

Hongchao Qi, dear Hongchao, we requested a statistician at the department of biosta-
tistics. We got more than we asked for! Thank you very much for your help regarding 
statistics and your invaluable comments on our manuscripts.

Patricia, Ditty, Melanie en Alicija, de ‘onderzoeksdames’ en het kloppend hart van 
het onderzoek op de IC. Door jullie voelt het binnenlopen op de onderzoekskamer een 
beetje als thuiskomen. Bij vragen of logistieke uitdagingen zijn jullie altijd beschikbaar 
om te helpen en een oplossing te vinden. Zonder jullie was het nooit gelukt om dit 
proefschrift af te ronden. Heel erg bedankt!

De ‘onderzoekskamer’. Allereerst Tim en Jantine, niet alleen hebben jullie gezorgd voor 
een fantastische tijd, jullie hebben ook nog eens meegeholpen met tientallen EIT en 
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drukmetingen. Jullie hulp was onmisbaar, dank jullie wel! Loes, Lisa, Hans, Davy, Ernest, 
Zoran, Mo, Emanuele, Jim, Julien en Thijs, het was fantastisch om met jullie samen te 
werken. Jullie hebben het onderzoek doen een stuk leuker gemaakt!

Willem, Frank en John, wat hebben we veel geklust tijdens onze experimenten op de 
23e en op de CT kamer. Jullie creativiteit om fondsen voor een opstelling te werven en 
die daadwerkelijk te bouwen kent geen grenzen. Helaas waren we wat minder creatief 
met het bestellen van eten tijdens al die avonden. Dank voor de leuke tijd en op naar de 
komende experimenten!

Els Forman en Marja Klüver, jullie hebben me altijd fantastisch geholpen met het 
vinden van een gaatje in de volle agenda van Diederik. Dank!

De stafleden en de verpleging van de Intensive Care van het Erasmus MC, tijdens 
mijn promotieonderzoek heb ik heel wat uren gewerkt als ANIOS. Wat heb ik veel geleerd 
van jullie. Daarnaast heb ik eindeloos metingen verricht bij de patiënten met COVID-19: 
‘Daar zal je de beademingsboys weer hebben!’. Dank voor de leerzame tijd en jullie hulp!

Leon van den Toorn, Joachim Aerts en de longartsen van het Erasmus MC, inmiddels 
ben ik al ruim 2 jaar in opleiding tot longarts. Vanaf het begin heb ik me meteen op mijn 
plek gevoeld. Dank voor de vele leermomenten en de ruimte die ik heb gekregen om 
mijn onderzoek af te ronden naast de opleiding.

Tot slot mijn familie. Lieve papa en mama, dank jullie wel voor de onvoorwaardelijke 
steun, trots en liefde die jullie mij altijd hebben gegeven en nog steeds geven. Aan alles 
komt een einde, zo ook aan het: ‘Wanneer is je boekje nou eindelijk eens klaar?!’ Ik ben 
benieuwd wat het volgende onderwerp zal worden.

Lieve Daniël en Frederike, team Eindhoven, dank voor alle steun die jullie mij de afgelo-
pen jaren hebben gegeven. Ik vind het geweldig om te horen dat jullie dichterbij komen 
wonen! Nu dit boekje af is, ben ik op zoek naar een huis waar ik kan oefenen met klussen 
voordat ik dat thuis ga doen.

Liever Esther, Pelle en kleine Anna, ik hou ervan om jullie met z’n drietjes te zien keu-
velen. Het is een zeer welkome afleiding van wereldse zaken als boekjes schrijven en 
werken. Wie anders dan Esther en Daniël zou ik moeten vragen als paranimfen om naast 
me te staan op deze bijzondere dag!
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Lieve Nathalie, ik weet soms niet zo goed waar ik jou aan heb verdiend. Je liefde, geduld 
en zorgzaamheid zijn grenzeloos en je staat altijd voor iedereen klaar. Zonder jouw 
onvermoeibare steun was het me nooit gelukt om dit proefschrift af te ronden, al was 
het maar omdat je de voorkant van mijn proefschrift hebt ontworpen. Ik hou van je!


