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Abstract

Rationale—We hypothesized that acute respiratory distress syndrome (ARDS) patients can be 

clustered based on concentrations of plasma biomarkers and that the thereby identified biological 

phenotypes are associated with mortality.

Methods—Consecutive patients with ARDS were included in this prospective observational 

cohort study. Cluster analysis of 20 biomarkers of inflammation, coagulation and endothelial 
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activation provided the phenotypes in a training cohort, not taking any outcome data into account. 

Logistic regression with backward selection was used to select the most predictive biomarkers, and 

these predicted phenotypes were validated in a separate cohort. Multivariable logistic regression 

was used to quantify the independent association with mortality.

Results—Two phenotypes were identified in 454 patients, which we named ‘uninflamed’ 

(N=218) and ‘reactive’ (N=236). A selection of four biomarkers (IL-6, interferon gamma, 

angiopoetin 1/2 and PAI-1) could be used to accurately predict the phenotype in the training cohort 

(area under the receiver operating characteristics curve: 0.98 [95%-confidence interval: 0.97–

0.99]). Mortality rates were 15.6% and 36.4% (P<0.001) in the training cohort and 13.6% and 

37.5% (P<0.001) in the validation cohort (N=207). The ‘reactive phenotype’ was independent 

from confounders associated with ICU mortality (training cohort: OR 1.13 [95%-CI: 1.04–1.23]; 

validation cohort: OR 1.18 [95%-CI: 1.06–1.31]).

Conclusions—ARDS patients can be clustered into two biological phenotypes, with different 

mortality rates. Four biomarkers can be used to predict the phenotype with high accuracy. The 

phenotypes were very similar to those found in cohorts derived from randomized controlled trials, 

and these results may improve patient selection for future clinical trials targeting host response in 

patients with ARDS.

Introduction

The Acute Respiratory Distress Syndrome (ARDS) is a major complication in critically ill 

patients, with high morbidity and mortality [1–4]. Despite promising results in preclinical 

experiments testing immunomodulatory interventions in animals with lung injury [5,6], 

results from clinical trials in ARDS patients have been disappointing so far [7–9]. 

Differences between pathological manifestations of lung injury in animals and ARDS in 

patients can only partly explain the discrepancies between animal studies and clinical trials 

[10]. Furthermore, preclinical experiments have always used in–bred animals in an effort to 

limit heterogeneity. Clinical trials, however, had to rely on clinical, radiological and 

physiological parameters to diagnose and stratify ARDS [11]. Thus, ARDS patients included 

in clinical trials are by definition more heterogeneous [12].

Biological subtyping of patients could improve patient selection for clinical trials with 

targeted therapies, including immunomodulatory interventions, as has been shown in other 

pulmonary and non–pulmonary diseases [13,14]. Phenotyping of ARDS patients can be 

done using clinical characteristics, causes of lung injury [15], individual or sets of 

biomarkers [16], or a combination of clinical and biological variables [17]. Stratification on 

biological responses (i.e., the biological phenotype) may allow for a better selection of 

patients, e.g., with regard to potential benefit from a certain intervention (predictive 

enrichment), allowing exclusion of patients that have a low chance of benefit who may even 

may be harmed [18–20]. Indeed, post-hoc analyses of randomized controlled trials showed 

that a phenotype with increased inflammatory markers and decreased plasma bicarbonate 

levels is associated with the response to high positive end-expiratory pressure and restrictive 

fluid management [17,21].
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We hypothesized that ARDS patients can be clustered based on plasma concentration of 

biomarkers of inflammation, coagulation, and endothelial activation, and that these clusters 

would be associated with clinical outcomes. Importantly, the phenotypes are identified 

without taking any clinical data or outcomes into account. Additionally, we hypothesized 

that clusters could be discriminated based on a restricted number of plasma biomarkers, 

which would facilitate adoption of such phenotypes in future trials with the appropriate 

pharmacotherapy in ARDS patients.

Methods

Study design

This study was part of a biobank initiative called the ‘Molecular Diagnosis and Risk 

Stratification for Sepsis’ (MARS), a prospective cohort study performed in the intensive care 

units (ICUs) of two university–based tertiary care hospitals (the Academic Medical Center 

in Amsterdam and the University Medical Center Utrecht in Utrecht, both in The 

Netherlands) from 2011 to 2013 [8] (ClinicalTrials.gov identifier NCT01905033). The 

Institutional Review Boards of both hospitals approved the study protocol and opt–out 

consent method used for this study (IRB: 10–056C). The patients or their legal 

representatives were presented with a brochure and opt–out form, to be completed in case of 

unwillingness to participate.

Setting

Both ICUs are closed–format units, in which a team of board–certified critical care 

physicians, fellows in critical care medicine and board–certified ICU nurses care for a mixed 

medical–surgical population of patients. The nurse to patient ratio was 1:1 to 1:2, depending 

on disease severity. Protocols that are showed improved outcome of ARDS patients were in 

place in both ICUs. This included lung–protective mechanical ventilation with low tidal 

volumes [22,23], higher positive end–expiratory pressure levels [24] in patients with more 

severe forms of ARDS and prone positioning [25]. Furthermore, a restrictive fluid protocol 

was used [26], and analgo–sedation was performed using validated sedation scales 

preferring bolus versus continuous sedation [27].

In– and exclusion criteria

Consecutive adult patients admitted to the ICU with an expected length of stay of more than 

24 hours from January 2011 to June 2013 were eligible for participation in the MARS study. 

All patients with ARDS from whom plasma that was obtained on the day of diagnosis of 

ARDS was available in the biobank were eligible for the present study. Part of this cohort 

was described earlier, albeit with a different scientific question, and the definitions are equal 

to those used in that study [28]. ARDS was defined according to the criteria stated by the 

American-European Consensus Conference on ARDS [29]: i.e., the diagnosis required an 

acute onset of symptoms, the presence of bilateral infiltrates on chest radiography, a 

pulmonary–artery wedge pressure <18 mmHg and/or the absence of signs of left ventricular 

dysfunction, and a partial pressure of oxygen in arterial blood to fraction of inspired oxygen 

ratio (PaO2/FiO2) ≤ 200. Patients that met the above criteria but with a PaO2/FiO2 ≤ 300, 

classified as acute lung injury (ALI) according to AECC criteria, where also included in the 
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analysis since the updated definition of ARDS according to the ‘Berlin’ definition [11] 

classifies this category as mild ARDS. Henceforth in this article patients with ALI according 

to AECC criteria were categorized as mild ARDS. Although our study started in 2011, 

before the recent ‘Berlin’ update of the ARDS definition was published [11], we found that 

no patients would have been excluded in case we had used the latest definition for ARDS. 

There were no additional inclusion or exclusion criteria.

Diagnosis of ARDS

A dedicated team of researchers who were regularly trained by studying case vignettes, 

screened for the presence of ARDS on a daily basis while patients remained in the ICU. 

Patients were classified as having mild, moderate, or severe ARDS according to the 

PaO2/FiO2 at the moment of diagnosis. ARDS patients were separated on the basis of having 

indirect (i.e., systemic inflammatory response syndrome– or sepsis–associated ARDS) or 

direct ARDS (i.e. pneumonia–, aspiration–associated, or in association with another 

pulmonary cause).

Training and validation cohort

Patients that were included in the first 18 months of the study were included in the training 

cohort. The patients that were included in the subsequent year were used as a validation 

cohort.

Blood sampling and biomarker assay

Around day of ARDS diagnosis, blood was collected from all patients in a plastic vacuum 

container filled with EDTA. After centrifugation (1500G for 15 minutes) plasma was frozen 

at −80°C for batch wise analysis. Interleukin (IL)–1β, IL–6, IL–8, tumor necrosis factor 

alpha (TNF–α), IL–10, IL–13, interferon gamma (IFN–γ), granulocyte macrophage–colony 

stimulating factor (GM–CSF), soluble E–Selectin, soluble P–Selectin and fractalkine were 

measured in all samples with a cytometric bead array (CBA) Flex Set multiplex assay 

according to the instructions from the manufacturer (BD Biosciences, San Jose, CA). 

Plasminogen activator inhibitor (PAI)–1, D–dimer, tissue plasminogen activator (tPA), 

antithrombin, soluble intercellular adhesion modecule-1 (ICAM-1), matrix 

metalloproteinase–8 (MMP8), tissue inhibitor of of metalloprotease 1 (TIMP1), angiopoetin 

(ANG)1 and ANG2 were measured in all samples with Luminex according to the 

manufacturer instructions (BioRad, Hercules, CA, USA). The values that were below the 

lower limit of quantification were set to the lowest value that we could accurately quantify. 

The upper limit of detection was not reached, with the exception of two markers (IFNy and 

IL-10) in one sample; these values were set to the upper limit of quantification. These 

markers were selected to represent some of the major pathways that are associated with 

critical illness (see Table S1).

Statistical analyses

The analytical pipeline for analysis of biological clusters had six steps. First, biomarker data 

was log10 transformed to obtain normally distributed variables, which was checked by Q-Q 

plots. Second, Ward clustering was performed with data from the patients in the training 
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cohort only. Ward’s method minimized the variance within a cluster and thereby selects 

patients with homogenous characteristics, in this case biomarker concentrations. 

Importantly, it does not take the clinical outcome of a patient into account. The optimal 

number of clusters was determined using the “NbClust” package in R-statistics with the 

default settings [30]. This algorithm combines 30 indices to deduce the optimal number of 

clusters in a given dataset (see online supplement for more details). Third, the clusters were 

visualized using a heatmap and dendogram with the “gplots” package. Fourth, the clinical 

features of the clusters were compared and the independent association (corrected for 

APACHE IV score [31], APPS [32] and gender) of the biological cluster with mortality was 

studied by logistic regression. PaO2/FiO2 ratio and a direct cause for ARDS were studied as 

potential additional confounders. Missing clinical data was replaced using multiple 

imputation chained equations (MICE [33]) with the standard settings (5 imputations; 5 

iterations, see table S2). Also, the orthogonality, or independent relation, of the biological 

clusters and the Berlin classification with regard to ICU mortality investigated by logistic 

regression and were visualized with bar–plots. Fifth, prediction of cluster membership was 

performed by multi-variable logistic regression, with the 20 biomarkers as independent 

variables. Automated backward selection was used to identify the optimal set of predictors. 

This model was used to predict the phenotypes in the validation cohort. Routinely available 

clinical and biochemical variables were tested in the same way. Finally, step number six was 

a repetition of the methods described in step number four (e.g. the independent association 

with ICU mortality) for patients that were included in the validation cohort. Importantly, the 

analyses in the validation cohort were completely independent from the training cohort.

A sensitivity analysis was performed in patients with a direct cause for ARDS and for 

patients without chronic respiratory failure and for hospital mortality instead of ICU 

mortality as the outcome of interest. The absolute change in the odds ratio was evaluated to 

quantify sensitivity. Furthermore, the association between phenotype and steroid exposure in 

the ICU and timing of sample collection (day of diagnosis, day before or morning after) was 

evaluated with logistic regression.

Data were presented as median with interquartile range, mean with standard deviation or 

absolute occurrence and percentage. Differences between groups were analyzed by Mann-

Whitney U, Kruskal Wallis ANOVA or chi-square test based on variable distribution and the 

number of groups. Receiver operating characteristics curve analysis was used to quantify the 

strength of discrimination. A P–value < 0.05 was used to determine statistical significance 

for all tests and 95% confidence intervals were given. All analyses were performed in R 

(V3.2.2) using R–studio interface [34].

Results

Included patients

Of 6,994 consecutive admissions to the ICU, 873 patients met the criteria for ARDS during 

two and a half years in the two participating hospitals, of whom 700 (80%) had complete 

biomarker data and were included in the present analysis. 454 patients were included in the 

training cohort and 246 in the validation cohort. 73% of patients in the training cohort and 

came 64% of the patients in the validation cohort came from hospital 1. Patient 
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characteristics can be found in table 1. 262 (37%) patients had mild, 331 (47%) had 

moderate and 107 (15%) had severe ARDS. Four hundred twenty-nine (61%) patients had a 

pulmonary cause for ARDS. ICU-mortality was 26%.

Identification of biological phenotypes

Two clusters were separated based on plasma biomarkers of inflammation, coagulation and 

endothelial activation without taking the clinical outcome into account (Figure 1). Patients in 

cluster one were called to be from the ‘uninflamed’ phenotype. Patients in cluster two were 

called to be from the ‘reactive’ phenotype, with high plasma levels of markers of 

inflammation, coagulation and endothelial activation (Figure S1).

Association of phenotypes with clinical outcome in the training cohort

Patients with a ‘reactive’ phenotype had a higher ICU mortality (36.4%) compared to 

patients with an “uninflamed” phenotype (15.6%, p < 0.001). They also had higher 

APACHE IV scores, more organ failure and more frequently had an indirect cause for ARDS 

(table 2). A ‘reactive’ phenotype remained independently associated with ICU mortality 

after correction for APACHE IV (OR 1.13 [95%-CI: 1.04–1.23]). The addition of other 

potential confounders (APPS, PaO2/FiO2 ratio, pulmonary cause for ARDS) did not change 

this association (OR remained 1.11). The difference in mortality between the biological 

phenotypes was also independent of the Berlin classification of ARDS (Figure 2, OR 3.1 

[95%-CI: 2.0–4.8]).

Prediction of phenotypes based on a limited set of biomarkers

The plasma concentration of IL-6, IFN–γ, ANG1/2 and PAI-1 could be used to accurately 

discriminate between the two biological phenotypes in the training cohort (figure 3; area 

under the ROC curve: 0.98 [95%-CI: 0.97–0.99]). The regression coefficients can be found 

in the online supplement (Table S3). Prediction of the phenotype by routinely available 

variables that were significantly different between the phenotypes (APACHE IV, age, lactate, 

albumin, bicarbonate, mean arterial pressure, bicarbonate, platelets, C-reactive protein, 

maximum inspiratory pressure, PEEP and PaO2/FiO2) had a significantly lower accuracy 

than that of the biomarkers (figure 3; P < 0.001). The same discrimination could also be 

obtained by only using plasma albumin and bicarbonate concentration.

Association of phenotypes with clinical outcome in the validation cohort

In the validation cohort, the predicted ‘uninflamed’ and ‘reactive’ phenotype had a mortality 

rate of 13.6% and 37.5% (P < 0.001), respectively. The differences in clinical characteristics 

were comparable to those found in the training cohort (Table S4, Figure S3 and Figure S4). 

A ‘reactive’ phenotype was independently associated with ICU mortality after correction for 

APACHE IV (OR: 1.18 [95%-CI: 1.06–1.31]) and for the Berlin classification for severity of 

ARDS (OR 3.8 [95%-CI: 2.0–7.2]).

Confounding factors and association of phenotype with hospital mortality

Patients in whom the sample was taken the day before or after the diagnosis of ARDS were 

not more or less likely to be classified as having an ‘uninflamed’ or ‘reactive’ phenotype 
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(P=0.34 for sample taken before and P=0.13 for taken after). A sensitivity analysis for 

patients with a pulmonary cause for ARDS alone and for patients without chronic 

respiratory failure also showed no change in odds ratio. Sensitivity analysis on the 

association between the phenotypes and hospital mortality showed similar results as in the 

primary analysis (OR 1.10, 95%-CI: 1.03–1.18). Exposure to steroids on the ICU (147/700, 

21%) was associated with a higher likelihood of a ‘reactive’ phenotype (OR 2.1, 95%-CI: 

1.5–3.1).

Discussion

Two biologically distinct clusters of ARDS patients could be identified. Outcome data were 

not taken into account when separating these clusters. Patients with the ‘reactive’ phenotype 

were approximately twice as likely to die during their stay in the ICU. Importantly, the 

biological phenotypes contained additional information compared to two mortality 

prediction scores and the Berlin classification for ARDS, and these results were validated in 

an independent group of patients. A ‘reactive’ phenotype could be predicted with the plasma 

concentration of four biomarkers and routinely available variables led to a less accurate 

prediction. We speculate that these biological phenotypes might be used to include patients 

for the appropriate pharmacological therapy in clinical trials.

To our knowledge, this is the first study to cluster ARDS patients based on biomarker 

concentrations alone. Cluster analysis maximizes the differences between patients, without 
taking the clinical outcome of a patient into account. Therefore, it is very different from, for 

example logistic regression with single biomarkers [35]. Calfee et al. previously showed two 

distinct clusters of ARDS patients within the cohorts of two large clinical trials [17]. Both 

clinical and biomarker data were used to cluster the patients, and the clusters responded 

differently to randomly allocated changes in ventilator settings. Interestingly, mortality in the 

phenotypes that we identified was similar to that found in the phenotypes in their study (e.g., 

+/− 20% vs. +/− 45%). The phenotypes found in the Calfee study were replicated in another 

RCT population, in which the influence of fluid resuscitation management was tested [21]. 

That study also revealed similar mortality rates and found that the response to randomly 

allocated fluid management differed per phenotype. All three studies found an increase in 

plasma IL–8 and PAI–1 concentration and a decrease in bicarbonate concentration in the 

‘reactive’ or ‘hyper-inflammatory’ phenotype. Therefore, we can speculate that the 

identified phenotypes could be the same between this observational study and the three 

RCTs, even though the prevalence of a ‘reactive’ phenotype is higher in our study. This 

finding would be notable because of the differences between the studies; observation and 

interventional, recruitment on different continents and inclusion periods spanning more than 

15 years between the ARMA trial and this study. Furthermore, the Calfee et al. and Famous 

et al. studies used both clinical and biomarkers data while we limited the analysis to 

biomarker data alone. Finally, the studies used different methods of clustering. The fact that 

the results show the identification of very similar phenotypes suggests the underlying 

identified biological signal is very strong.

The ‘reactive’ phenotype had a higher ICU mortality and might be used to select more 

severely ill patients for clinical trials (prognostic enrichment). Importantly, this association 
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was independent of APACHE IV score, a frequently used validated and repeatedly calibrated 

prognostic score for mortality in the ICU. There was also added value of the biological 

clusters to the Berlin definition in the prediction of mortality. The results imply that the 

‘reactive’ phenotype is not just a more severe form of ARDS and most definitely not 

captures the same grades of severity as the Berlin classification. This finding also illustrates 

that phenotypic clustering provides additional information, on top of the more frequently 

used clinical and physiological information. The PaO2/FiO2 is, until now, the only 

characteristic that has been used for phenotypic inclusion into clinical trials with ARDS 

patients [25,36,37], with moderate success. Several interventions had positive effects on 

mortality in a selected group of ARDS with a low PaO2/FiO2 ratio [25,36,37]. Interestingly, 

these were all interventions that aimed for physiological changes to improve oxygenation. In 

stark contrast, pharmacological interventions aimed at the immune system have repeatedly 

showed no benefit when applied to unselected ARDS patient groups [7–9].

We speculate that the phenotypes, derived from biological data alone, as identified in this 

study could be used to target pharmacological interventions to those patients that benefit 

most in future clinical trials. Improved patient selection and targeted intervention is the 

premise of this so-called ‘stratified medicine’ or ‘precision medicine ’ [38]. The efficacy of 

some pharmacotherapies could potentially be improved by correctly selecting the subgroups 

of patients that show molecular signs of susceptibility (predictive enrichment). 

Simultaneously, this approach may limit exposure of patients that would not benefit, but 

would have side–effects. Thus, stratified medicine may increase efficiency of a drug in two 

ways: increase benefit and decrease harm. As for the phenotypes identified in this study, we 

postulate that the ‘reactive’ phenotype might benefit most from immunomodulatory 

interventions, such as corticosteroids, macrolides or others. On the other hand, the 

‘uninflamed’ phenotype may be less likely to benefit from these approaches and/or may be 

more likely to be harmed, as mortality is infrequent and there is little inflammatory 

response.

ARDS phenotyping could allow for a more targeted pharmacological intervention in clinical 

trials and, if shown to be beneficial, in clinical practice. There are, however, several 

prerequisites before that hypothesis can be tested. The first, prediction of cluster 

membership by a minimal number of biomarkers, was explored in this manuscript. IL-6, 

IFN–γ, ANG1/2 and PAI-1 concentrations in plasma drawn at the moment of ARDS 

diagnosis were sufficient to discriminate between patients with and without a ‘reactive’ 

phenotype. A four–biomarker assay is sufficiently small to allow for phenotyping of patients 

in clinical trials and clinical practice and clinical data alone do not discriminate sufficiently. 

A second prerequisite is rapid analyses of these biomarkers. We used CBA and Luminex to 

quantify the biomarker concentrations in this study. These methods are very suitable for 

batch-wise analysis in observational studies but would be very impractical to select patients 

for inclusion into clinical trials. Ideally, the result of the test would be available within 

several hours so that pharmacological therapy can be commenced early in the disease 

course.

Several limitations and strengths to our study are noticeable. First, we investigated the 

biological clusters only by means of a limited number of plasma biomarkers. It could be 
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argued that we are still missing several relevant biomarkers that would disclose additional 

phenotypes. For example, there have been reports on soluble thrombomodulin [39], high–

mobility group box 1 protein and sRAGE [40]. However, even though we chose to restrict 

our analyses to a limited set of only 20 biomarkers, these biomarkers do represent three 

major pathways involved in lung injury [41]. We cannot exclude that the addition of other 

markers would provide us with different phenotypes. The same point can be made for the 

size of the clusters. Therefore, we do not claim that two is the definitive number of 

phenotypes for ARDS, but we suggest that there are at least two phenotypes and that this 

should be taken into account in future research. Additionally, we were unable to associate 

phenotype with treatment response. This is due to the observational nature of our study. 

There would be additional value for identification of these phenotypes in patients that were 

included into RCTs that tested a pharmacological intervention targeting the immune system.

The observational nature of this study is also one of its strengths, as it allowed for the 

inclusion of all consecutive patients with ARDS during three years in two university 

hospitals, and the results are therefore more likely representing the population as 

encountered on the ICU in daily practice. This is illustrated by the representative prevalence 

of ARDS, around 10% of ICU-patients [2,4], although the ICU mortality was lower than in 

the LUNG SAFE study [2]. The results were validated in a cohort that was separated over 

time; future studies should focus on replicating these results in an entirely independent 

cohort. Because biomarkers and clinical characteristics were separated completely in the 

analysis, we could determine that there is considerable orthogonality between the biological 

response within the patient and the clinical condition as observed from outside. This 

exemplifies that it is unpractical and may even be impossible to predict the phenotypes by 

clinical variables alone, as was also shown in the recent study by Famous et al. [21]. Finally, 

the physicians treating the patients were completely blind for the results of the biomarker 

assay, as they were analyzed only after completion of the study. Thereby, this study is not 

biased by ‘self–fulfilling prophecies’; clinical parameters that are frequently used for 

mortality prediction or phenotyping are also available to the treating clinician who may 

consciously or unconsciously adapt treatment strategies based on this information, which in 

turn may influence clinical outcome or the association between the variable and outcome.

In conclusion, two biologically distinct clusters of ARDS patients could be identified with a 

set of 20 biomarkers of inflammation, coagulation and endothelial activation. Mortality was 

double in the ‘reactive’ phenotype group than in the ‘uninflamed’ phenotype group. A 

‘reactive’ phenotype could be predicted with the plasma concentration of four biomarkers 

and was independently associated with mortality, also in a validation cohort. These results 

may improve patient selection for future clinical trials targeting the immune system in 

patients with ARDS.
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Refer to Web version on PubMed Central for supplementary material.
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Definitions

Chronic renal insufficiency
Chronically increased plasma creatinin before ICU-admission or renal replacement therapy.

Chronic respiratory insufficiency
Marked limitations in physical activity due to chronic respiratory disease or home oxygen 

support.

Cluster
A naturally occurring subgroup of a population.

COPD
History of COPD in medical records or anamnestic

Current drinking status (alcohol)
Anamnestic daily alcohol consumption or alcohol dependence.

Diabetes mellitus
History of diabetes mellitus in medical records or anamnestic

Direct hit for ARDS
Pulmonary causative factor for ARDS. Pneumonia, aspiration, smoke inhalation or near 

drowning.

Endotype
A subset of patients defined by a distinct functional or pathobiological mechanism. 

Endotypes often confer both a differential risk of disease-related outcome and a differential 

response to a therapy. Thus, such a markers may enable both predictive and prognostic 

enrichment. [42]

Immune deficiency
Inherited or acquired immune deficiency (e.g. HIV) or the usage of immunosuppressive 

medication (e.g. chemotherapy).

Observed phenotype
The phenotype (see definition) that is observed in all collected data through cluster analysis.

Personalized medicine
The tailoring of medical treatment to the individual unique characteristics of each patient 

[20].

Phenotype
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A clinical entity defined by observable characteristics that are produced by interactions of 

the genotype and the environment. The term is often used to describe subsets based on 

clinical or biochemical variables, natural history, manifestations of disease, and/or response 

to treatment without any implication about mechanism. [42]

Prognostic enrichment
Identifying and focusing on high-risk patients

Predictive enrichment
Identifying and focusing on patients who are more likely to respond to the therapy being 

studied.

Predicted phenotype
The phenotype (see definition) that is predicted by a subset of the markers that was used for 

phenotype discovery.

Stratified medicine
The tailoring of medical treatment to the individual characteristics of each patient. It does 

not literally mean the creation of drugs or medical devices that are unique to a patient, but 

rather the ability to classify individuals into stratified subpopulations that differ in their 

susceptibility to (or severity of) a particular disease or their response to a specific treatment. 

Preventive or therapeutic interventions can then be concentrated on those who will benefit, 

sparing expense and side effects for those who will not [20].

Systemic corticosteroids (before ICU)
Administration of systemic corticosteroids before admission to the ICU.

Abbreviations

AECC American-European consensus conference

ALI Acute lung injury

ANG Angiopoetin

APACHE Acute Physiology and Chronic Health Evaluation

APPS Age, PaO2/FiO2 and Platteau pressure Score

ARDS Acute respiratory distress syndrome

CBA Cytometric bead array

CI Confidence interval

CNS Central nervous system

COPD Chronic obstructive pulmonary disease

EMBASE Excerpta Medica dataBASE
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GC-CSF Granulocyte macrophage–colony stimulating factor

ICAM Intercellular adhesion modecule

ICU Intensive care unit

IFN Interferon

IL Interleukin

MMP Matrix metalloproteinase

OR Odds ratio

PAI Plasminogen activator inhibitor

PaO2/FiO2 Fraction of arterial oxygen content to inspired oxygen concentration

PEEP Positive end expiratory pressure

Pmax Maximal inspired pressure

SOFA Sepsis-related Organ Failure Assessment

TIMP Tissue inhibitor of of metalloprotease
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What is the key question?

Can cluster analysis of biological markers in plasma of patients with ARDS be used to 

identify phenotypes with different mortality rates?

What is the bottom line?

There are at least two phenotypes of ARDS and the ‘reactive’ phenotype is associated 

with mortality independent of severity of illness.

Why read on?

Pharmacological interventions in patients with ARDS have all failed so far, this study 

sheds light on two phenotypes of ARDS that may be targeted differently in future 

randomized controlled trials.
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Figure 1. 
Heatmap of phenotypes

Columns: biomarkers. Rows: Patients. First column: green blocks: “uninflamed phenotype”; 

red: “reactive phenotype”. Second column: patients that died are indicated with black, 

surviving patients with grey. Heat map: a higher concentration, in comparison to the other 

included patients is indicated with red, while a lower concentration is indicated by blue.
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Figure 2. 
Orthogonality of phenotypes and Berlin classification.

ICU mortality per phenotype and Berlin classification. Boxes indicate phenotypes and the 

training or validation cohort, separate bars Berlin categories. Differences in mortality 

between the ‘reactive’ phenotype and ‘uninflamed’ phenotype were independent of the 

Berlin classification of ARDS (OR 3.1 [95%-CI: 2.0–4.8]) in the training cohort and in the 

validation cohort (OR 3.8 [95%-CI: 2.0–7.2])
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Figure 3. 
Discrimination of biological phenotype based on a limited set of biomarkers in the training 

cohort.

Receiver operating characteristics curve for the biological phenotype based on (1) 

Biomarkers depicted in black: plasma concentrations of IL-6, IFN–γ, ANG1/2 and PAI-1 

(see also table S3) and (2) Routinely available clinical variables depicted in grey, the same 

accuracy could be obtained with albumin and bicarbonate only.
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Table 1

Patient characteristics, stratified for the training and validation cohort.

Training
N=454

Validation
N=246 P

Age 62 (51–71) 62 (50–70) 0.47

Male 288 (63.4) 155 (60) 0.94

APACHE IV score 83 (63–104.8) 82 (62–108) 0.91

Admission type

 Medical 310 (68.3) 188 (76.4) 0.026

 Planned surgical 67 (14.8) 21 (8.5)

 Emergency surgery 77 (17) 37 (15)

Comorbidities

 Diabetes mellitus 66 (14.5) 41 (16.7) 0.35

 Alcohol abuse 60 (13.2) 35 (14.2) 0.72

 COPD 44 (9.7) 25 (10.2) 0.90

 Immune deficiency 86 (18.9) 44 (17.9) 0.76

Risk factor†

 Pneumonia 256 (56.4) 144 (58.5) 0.63

 Aspiration 51 (11.2) 18 (7.3) 0.15

 Other pulmonary 4 (0.9) 0 (0) 0.31

 Sepsis 292 (64.3) 154 (62.6) 0.69

 Trauma/surgery 61 (13.4) 28 (11.4) 0.48

 Pancreatitis 11 (2.4) 5 (2) 0.78

 Other non-pulmonary 63 (13.9) 24 (9.8) 0.12

PaO2/FiO2 at diagnosis 158 (111–208) 171 (117–224) 0.17

PaO2/FiO2 24h after diagnosis 177 (134–233) 192 (141–247) 0.07

PEEP at diagnosis 10 (7–13) 10 (8–12) 0.09

PEEP 24h after diagnosis 10 (7–12) 9 (6–12) 0.14

Pmax at diagnosis 26 (19–32) 24 (19–30) 0.04

Pmax 24h after diagnosis 23 (18–30) 22 (17–29) 0.11

Tidal volume/kg predicted body weight 7.1 (6.2–8.2) 7.2 (6.4–8.6) 0.19

APPS 5 (4–6) 5 (4–6) 0.03

SOFA at diagnosis 9 (6–11) 8 (6–11) 0.25

Berlin category

 Mild 153 (33.7) 109 (44.3) 0.015

 Moderate 231 (50.9) 100 (40.7)

 Severe 70 (15.4) 37 (15)

Days on mechanical ventilation 7 (3–13) 6 (2–13) 0.29

Days in the ICU 8 (4–15) 8 (4–15.8) 0.99

Death in ICU 120 (26.4) 64 (26) 0.93
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Training
N=454

Validation
N=246 P

30-Day mortality 136 (30) 76 (30.9) 0.86

Data is presented as the median with inter-quartile range for continuous variables and as number with percentage for categorical variables. The P-
value is calculated between the training and validation cohort. Definitions for the variables are given in the definition table at the end of the 
manuscript.

†
Multiple risk factors per patient are possible.
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Table 2

Phenotypes versus clinical characteristics in training cohort.

Uninflamed phenotype
N=218

Reactive phenotype
N=236 P

Age 62 (53.2–72) 60 (49–70) 0.037

Male 137 (62.8) 151 (64) 0.85

APACHE IV Score 69 (58–91) 93 (74–113) <0.001

APACHE IV Acute Physiology Score 57 (45–75) 80 (65–105) <0.001

Admission type

 Medical 143 (65.6) 167 (70.8) 0.002

 Elective surgery 46 (21.1) 21 (8.9)

 Emergency surgery 29 (13.3) 48 (20.3)

Chronic renal insufficiency 17 (7.8) 31 (13.1) 0.08

Chronic respiratory insufficiency 24 (11) 8 (3.4) 0.002

COPD 26 (11.9) 18 (7.6) 0.16

Diabetes mellitus 33 (15.1) 33 (14) 0.80

Immune deficiency 37 (17) 49 (20.8) 0.34

Current drinking status (alcohol) 19 (8.7) 29 (12.3) 0.23

Systemic corticosteroids (before ICU) 32 (14.7) 24 (10.2) 0.15

Direct hit for ARDS 145 (66.5) 134 (56.8) 0.04

Berlin classification

 Mild 85 (39) 68 (28.8) 0.07

 Moderate 103 (47.2) 128 (54.2)

 Severe 30 (13.8) 40 (16.9)

Maximal inspiratory pressure 20 (16–26) 26 (21–33) <0.001

PaO2/FiO2 177.8 (136–256) 178 (133–223) 0.18

PEEP 8 (5–11) 10 (8–14) <0.001

Tidal volume/kg predicted body weight 7.1 (6.3–8.1) 7.1 (6.2–8.3) 0.92

APPS 5 (4–6) 5 (5–7) 0.008

SOFA: Circulation 3 (1–4) 4 (3–4) <0.001

SOFA: CNS 0 (0–1) 0 (0–1) 0.97

SOFA: Coagulation 0 (0–1) 1 (0–2) <0.001

SOFA: Liver 0 (0-0) 0 (0–1) <0.001

SOFA: Renal 0 (0–1) 1 (0–3) <0.001

SOFA: Respiratory 3 (3–4) 3 (3–4) 0.05

SOFA: Total score 7 (5–9) 10 (8–12) <0.001

Days on mechanical ventilation 6 (3–10) 7 (4–14.5) 0.004

ICU length of stay 7 (4–12) 10 (5–19) 0.006

Days free of MV at day 28 21 (11–25) 9 (0–21) <0.001

ICU Mortality 34 (15.6) 86 (36.4) <0.001
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Uninflamed phenotype
N=218

Reactive phenotype
N=236 P

30-Day Mortality 47 (21.6) 89 (37.7) <0.001

Data is presented as the median with inter-quartile range for continuous variables and as number with percentage for categorical variables. The P-
value is calculated by the Kruskall-Wallis test for continuous variables and by Fisher’s exact for categorical variables. Definitions for the variables 
are given in the definition table at the end of the manuscript

Thorax. Author manuscript; available in PMC 2018 October 01.


	Abstract
	Introduction
	Methods
	Study design
	Setting
	In– and exclusion criteria
	Diagnosis of ARDS
	Training and validation cohort
	Blood sampling and biomarker assay
	Statistical analyses

	Results
	Included patients
	Identification of biological phenotypes
	Association of phenotypes with clinical outcome in the training cohort
	Prediction of phenotypes based on a limited set of biomarkers
	Association of phenotypes with clinical outcome in the validation cohort
	Confounding factors and association of phenotype with hospital mortality

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2

