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Diagnosis of acute respiratory distress syndrome (DARTS) by
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Background: Acute respiratory distress syndrome (ARDS) is currently diagnosed by the Berlin Definition.
Diagnosis is subjective and often late. Untargeted metabolomics analysis of exhaled breath with gas
chromatography and mass spectrometry (GC-MS) showed that the breath concentration of octane has a
high diagnostic accuracy for ARDS. To facilitate rapid bedside measurement of this biomarker, a point-of-
care (POC) breath test was developed. A prototype already showed good reproducibility and repeatability
for the detection of octane. In this study we aim to measure octane in exhaled breath of invasively ventilated
intensive care unit (ICU) patients and validate the diagnostic accuracy of the breath test for the early
diagnosis of ARDS.

Methods: This is a multicentre observational cohort study in patients admitted to the ICU receiving
invasive ventilation for at least 24 hours. At least 500 patients in two academic hospitals in The Netherlands
will be included. ARDS patients will be compared to patients without ARDS. ARDS diagnosis will be based
on the Berlin Definition. Two diagnostic assessments will be performed during the first 72 hours of invasive
ventilation, including breath sampling, arterial blood gas analysis and lung ultrasound (LUS). In patients
fulfilling the criteria for ARDS, three additional breath samples will be taken to assess resolution. The
primary endpoint is the diagnostic accuracy for ARDS, defined by the area under the receiver operating
characteristics curve (AUROCC) of octane concentration in exhaled breath. Secondary endpoints are the
association between exhaled breath octane and ARDS adjusted for confounders, and the added diagnostic

accuracy of the breath test on top of the Lung Injury Prediction Score (LIPS).
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Discussion: This is the first study that validates a metabolic biomarker of ARDS in an adequate sample

size. The major novelty is the use of a POC breath test that has been specifically developed for the purpose

of diagnosing ARDS. Strengths are; assessment in the early phase, in patients at risk for ARDS, longitudinal

sampling and an expert panel to reliably diagnose ARDS. This study will provide a decisive answer on the

question if exhaled breath metabolomics can be used to diagnose ARDS.

Trial registration: The trial is registered at trialregister.nl (ID: NL8226) with the tag “DARTS”.
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Introduction

The acute respiratory distress syndrome (ARDS) is a severe
complication of critical illness characterized by protein rich
pulmonary oedema (1). ARDS affects approximately 10%
of patients admitted to the intensive care unit (ICU) (2)
and is associated with a mortality rate of 40%. ARDS is
currently diagnosed according to the criteria formulated
in the Berlin Definition (3). ARDS is defined as the acute
development of hypoxemia requiring 5 ecmH,O of positive
end-expiratory pressure or more with bilateral infiltrates on
chest radiography indicative of pulmonary oedema within
7 days of a known clinical risk factor that is not completely
explained by a cardiogenic cause (3). However, the
interpretation of chest radiography remains subjective and
is associated with low interrater agreement (4). In general,
macroscopic oedema visible on chest radiography is regarded
a late sign of lung injury caused by increased vascular
permeability. Furthermore, diagnosis is frequently missed,
leading to inadequate treatment and ventilation strategies
in these patients (2,5). Current tests are neither sensitive
nor specific (6). Therefore, two of the greatest challenges in
ARDS are early and objective recognition of ARDS.
Exhaled breath contains hundreds of volatile organic
compounds (VOC:s) that are reflective of metabolic changes
in the lungs (7). Gas chromatography and mass spectrometry
(GC-MS) is considered the gold standard for VOC
detection. This technique was previously used to discover
and validate a three-metabolite diagnostic model with good
accuracy for ARDS (8). The concentration of octane in
exhaled breath explained most of the diagnostic accuracy and
octane is linked to ARDS pathophysiology in clinical and
preclinical studies (9). ARDS causes an increase in oleic acid
in the circulation. At the same time, oxidative stress causes
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an increase in release of reactive oxygen species which leads
to increased lipid peroxidation. Lipid peroxidation of oleic
acid generates octane, making this a possible explanation for
increased levels of octane in ARDS (10,11).

Exhaled breath analysis by GC-MS is not suitable
for diagnosing ARDS in clinical practice. To maintain
reproducible results, GC-MS is labour intensive and
requires specialized personnel. It operates in vacuum and
requires helium as a carrier gas for optimal results. These
factors limit the use of GC-MS for breath analysis in a
clinical and time-sensitive environment such as the ICU.
"To overcome the disadvantages of GC-MS, a point-of-care
(POC) breath test has been developed by Philips Research
(Philips Research, Global Headquarters, Eindhoven,
The Netherlands). It is smaller in size than the GC-MS,
does not require a vacuum and does not need helium as
carrier gas, but operates on medical air. Therefore, it could
enable bed-side measurements and opens the possibility
of monitoring in the near future. The working prototype
showed good reproducibility and repeatability for octane
detection in parts per billion (ppb) (12).

Taken together, there is a clear need for a POC breath
test that can selectively quantify octane concentrations
in exhaled breath and can provide a result within hours,
without the need of highly specialized personnel. We
hypothesize that the octane concentration in exhaled
breath, as measured with a POC breath test, can facilitate
early diagnosis of ARDS in invasively ventilated ICU
patients. We will assess the optimal threshold and report
the diagnostic accuracy, as reflected by characteristics like
the sensitivity and specificity. We will compare and combine
the diagnostic accuracy of the breath test with other non-
invasive methods that can be used to quantify ARDS risk,
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such as the Lung Injury Prediction Score (LIPS) (13), lung
ultrasound (LUS) (14) and plasma biomarkers (15-17).

Methods
Design

This is a multicentre observational cohort study with
longitudinal sampling of consecutive patients admitted to
the ICU receiving invasive ventilation for at least 24 hours.
The study will be performed in two academic hospitals in
The Netherlands (Amsterdam UMC, Location AMC and
Maastricht University Medical Center). Patients will be
recruited in a 2-year time period. The Institutional Review
Board of the Academic Medical Center, Amsterdam, The
Netherlands, and of the Maastricht University Medical
Center+, Maastricht, The Netherlands, waived the need
for ethical approval of the protocol (W18_311 #18.358 and
2019-1137). The biobank review board of the Academic
Medical Center Biobank approved the development of a
biobank for the study (approval 2018_287#A201921). The
study is funded by Health Holland via the Dutch Lung
Foundation. The trial is registered at trialregister.nl (ID:
NL8226) with the tag “DARTS study”.

Informed consent

Patients will be recruited as soon as possible after start of
mechanical ventilation by a team of researchers. Therefore,
all included patients are, per definition, incapacitated to
provide informed consent. All measurements in this study
are non-invasive and data needs to be collected shortly
after intubation. For this reason, written informed consent
cannot be obtained from the patient beforehand and
deferred consent will be asked as the alternative. Patients
will be informed and asked for consent shortly after
regaining the capacity to provide consent. If the patient
declines participation in the study, the collected data and all
biological samples will be destroyed.

If the patient deceases, the General Data Protection
Regulation (GDPR) states that the obtained data can be
used without consent. If a patient does not regain capacity
before discharge, the representative will be asked for
deferred consent. In case the representative does not give
consent, the collected data will be destroyed. When the
representative could not be reached, and the patient does
not regain capacity, the patient will be excluded and the
collected data and all biological samples will be destroyed.
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In case the representative gave consent, the patient will have
the possibility of an opt-out procedure. This procedure
is based on the exception criteria of the GDPR where
processing without explicit informed consent is necessary
for the purposes of the legitimate interests pursued, in this
case the scientific soundness of the results. If consent is not
given by either the patient or the representative, data and
all biological samples will be destroyed.

Study population

The DARTS study will enrol patients admitted to the
ICUs of the two participating hospitals who are expected
to receive invasive ventilation for at least 24 hours and are
18 years or older. Patients who received invasive
ventilation for more than 48 hours at any moment in the
7 days preceding the moment of inclusion or who have
a life expectancy of less than 24 hours at the moment of
inclusion, will be excluded. Tracheotomised patients will
also be excluded. Finally, patients will be excluded if breath
sampling is deemed clinically inappropriate or if consent is
withdrawn by the patient or family.

Study procedures

Patients will be recruited within the first 48 hours after
the start of invasive ventilation. Baseline clinical data is
recorded, including: patient characteristics, comorbidities,
measures of disease severity such as Acute Physiology and
Chronic Health Evaluation (APACHE) II (18), Sequential
Organ Failure Assessment (SOFA) (19) and risk factors for
ARDS. During the first 48 hours of invasive mechanical
ventilation, the first assessment will be performed, followed
by a second measurement a day later. Both assessments
include: breath sampling, arterial blood gas analysis and a
LUS exam (Figure I). Additionally, the following parameters
will be collected; ventilation and oxygenation parameters,
current medication and antibiotics. The chest radiography
and worst PaO,/FiO, ratio in the 24 hours before breath
sampling will be collected and used for ARDS diagnosis
according to the Berlin criteria.

If the patient fulfils the Berlin criteria for ARDS during
the first 2 days of invasive mechanical ventilation according
to the researcher, three additional breath samples will be
taken, at approximately 48 hours, 96 hours and 12 days after
inclusion. These three additional measurements are used
to monitor the disease progress of the patients with ARDS.
During the third assessment LUS will be repeated while the
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Figure 1 Overview of study procedures. Timeline with assessment 1 and 2 on day 1 and day 2. The researcher assesses if the patient fulfils

the ARDS criteria at any time during the first 2 days. If the researcher diagnoses the patient with ARDS, the patient will undergo assessment

3 to 5, as indicated with the arrow “yes”, otherwise the patient will directly proceed to the follow up. In the box below the collected data

per assessment is described. ARDS, acute respiratory distress syndrome; ABG, arterial blood gas; CXR, chest radiography; LUS, lung

ultrasound.

fourth and fifth assessment consist of breath sampling and
recording of clinical parameters only. Follow-up will end at
the end of hospital stay and the following outcomes will be
recorded: duration of ICU stay and hospital stay as well as
ICU and hospital mortality.

Classification of ARDS

The diagnosis of ARDS will be based on the Berlin
Definition and scored in three different settings (Figure 2).
The first will regard ARDS as scored by the clinician:
ARDS will be scored if ARDS is mentioned in the medical
file. The second setting will be according to the researcher
at inclusion and 1 day later, the researcher will use data of
the 24 hours before assessment to score ARDS, this ARDS
diagnosis is used to define if a day 3 assessment will be
performed. The third setting will be assessment of ARDS
by an expert panel in retrospect that will be blinded for
the other clinical parameters. This panel will receive chest
radiography, PF ratios, ventilator settings and ARDS risk
factors. The chest radiography will be classified by a team
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of 3 experts, who will score and address the certainty of
their decision (20). The ARDS scoring by the expert panel
will be used as primary reference value for the assessment
of diagnostic accuracy. In a subgroup analysis the diagnostic
accuracy for the different categories of severity will be
analysed. Risk factors for ARDS will be classified into the
following categories: pneumonia, extrapulmonary sepsis,
aspiration, trauma, inhalation, pancreatitis, pulmonary
contusion, burn, pulmonary vasculitis, non-cardiogenic
shock, drowning, drug overdose, blood transfusion, other
risk factors (2). Additionally, ARDS will be divided into a
hyper-inflammatory and hypo-inflammatory subphenotype
based on a parsimonious classification score (21).

Breath sampling

Breath samples will be collected using a breath gas sampler
(BGS) consisting of a pump (NMS020B 6VDC Micro
Membranegas pump), a mass flow controller (Horiba
STEC Z500), battery and charger (Panasonic LC-
RAI1212PG and IDEAL POWER PC170-2) all combined
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Figure 2 Classification of ARDS in three different settings; by the clinician, researcher and by an expert panel. The diagnosis of ARDS by

the researcher is used to decide if additional measurements as shown in Figure 1 will be performed. The diagnosis of ARDS by the expert

panel will be used as the reference value. ARDS, acute respiratory distress syndrome.

HME filter

Patient <:>[/

Ventilator
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Figure 3 Breath sampling with a BGS through a side stream connection, distal from the HME filter. VOCs are collected on the sorbent

tube. BGS, breath gas sampler; HME, heat-moisture exchange; VOCs, volatile organic compounds; PTFE, polytetrafluoroethylene.

in a metal casing with operating display (Brooks Instrument
0254). Exhaled breath will be drawn using this BGS
and polytetrafluoroethylene (PTFE) tubing (Swagelok,
Warrington, UK), by connecting a three way stop clock
to the expiratory limb in case of double limb ventilation
and after the heat-moisture exchange (HME) filter on
the ventilator site in case of single limb ventilation. This
method is adapted from Bos et al., reproducibility of this
sampling method has been tested previously and showed
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a median intra-class correlation of 0.95 (22). Exhaled
breath will be collected via this side-stream (Figure 3)
during 6 minutes with a flow of 200 mL/min (22). This
is a completely non-invasive procedure, which has been
performed several hundreds of times without any adverse
events. VOCs in the exhaled breath will be absorbed onto
two sorbent tubes filled with 300 mg Carbograph 5TD
(Markes International, Llantrisant, UK) and 90 mg Tenax
GR (Sigma-Aldrich Chemie B. V., Zwijndrecht, The

Ann Transl Med 2021;9(15):1262 | https://dx.doi.org/10.21037/atm-21-1384



Page 6 of 10

Netherlands). Subsequently the sorbent tubes will be stored
in the fridge at 4 °C.

POC breath test

A prototype POC breath test is specifically designed for the
present study with the aim to quantify the amount of (n-)
octane present in exhaled breath samples of ICU patients.
The pathway from sample to result of the POC breath test
will proceed as follows: the sorbent tube, containing the
VOC:s of the patient’s exhaled breath will be inserted into
a thermal desorption port. Inside this port, protected by
thermal insulation, the sorbent tube will be heated to 200 °C
to transfer the VOCs to a thermal sorbent trap situated
inside the POC device. Subsequently, this thermal trap
will rapidly be heated to create an up-concentrated VOC
mixture that will be split-injected into a GC column with
dimethyl polysiloxane coating. The GC column will be
used with the following temperature program: 40 °C—hold
30 min, ramp 3 °C/min for 10 min to 70 °C, hold 6.6 min,
ramp 20 °C/min to 170 °C, hold 8.3 minutes and then
cooling down with ramp 20 °C/min to 40 °C. This program
gradually clears the column from all injected VOCs. As
the VOCs exit the column, separated according to their
volatility and varying interaction with the column coating,
they will be recorded by a photo-ionization detector that
ionizes the VOCs and quantifies the amount of resulting
electrical charge. In particular the octane concentration
will be quantified by considering the output of the detector
at a specific time delay after injection and calibrated with
respect to the photo-ionization efficacy for octane.

GC-MS

The other sorbent tube will be analysed by means of GC-
MS as described previously (23). In short, sorbent tubes will
be heated to 280 °C for 15 min with a flow of 30 mL/min.
VOC:s will be captured on a cold trap at 10 °C and then re-
injected by rapidly heating the trap to 300 °C for 1 minute.
Subsequently the molecules will be injected splitless
through a transfer line at 180 °C onto an Inertcap SMS/Sil
GC column [30 m, ID 0.25 mm, film thickness 1 pm,
1,4-bis(dimethylsiloxy)phenylene dimethyl polysiloxane
(Restek, Breda, The Netherlands)] with a flow of
1.2 mL/min. Oven temperature will be kept isothermal at
40 °C for 5 minutes, then increased to 280 °C at 10 °C/min
and kept isothermal at 280 °C for 5 minutes. Molecules
will be ionized using electron ionization (70 eV), and
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the fragment ions are detected using a quadrupole mass
spectrometer (GCMS-GP2010, Shimadzu, Den Bosch,
The Netherlands) with a scan range of 37-300 Da. GC-MS
analysis, de-noising, peak detection, and alignment will be
performed using the R “xcms” package (Scripps Center for
Metabolomics, La Jolla, CA, USA) and will result in an ion
fragment peak table as input for statistical analysis.

Avrterial blood gas analysis and LUS

Arterial blood will be analysed through POC blood gas
analysis. After this measurement, approximately 2 cc of
heparinized blood will be available as waste material. This
blood will be centrifuged and the plasma will be stored at
-80 °C. At the end of the study, the plasma will be thawed
and pulmonary biological markers will be measured to
determine the biological phenotype (15).

LUS will be performed with a linear transducer
according to a previously published protocol (14). To
ascertain good inter-rater reliability, all researchers will
be trained by experienced physicians in LUS examination
beforehand. Previous research has shown that this leads
to an excellent inter-rater variability with an intraclass
correlation coefficient (ICC) of 0.98 (24). Six examination
regions will be selected per hemi thorax. Anterior axillary
line and posterior axillary line divide the chest into anterior,
lateral and posterior (25). The chest regions examined will
contain point 1 and 2 on the anterior side, point 3 and
4 on the lateral side and point 5 and 6 on the posterior
side (26). Each chest zone will be scanned, the most
pathologic finding will be saved and scoring will be
performed according to the regional aeration score (27).

Study outcomes

The primary endpoint of this study is the diagnostic
accuracy of octane concentration in exhaled breath for
ARDS defined by the panel of experts, depicted by the value
which maximizes the specificity. The diagnostic accuracy
will be described by the area under the receiver operating
characteristics curve (AUROCC) and the optimal cut-off
with sensitivity, specificity and likelihood ratios. Secondary
endpoints are: (I) the association between exhaled breath
octane and ARDS corrected for confounders and (II) the
added diagnostic value of the breath test on top of the LIPS.

Tertiary endpoints are (I) dynamics of breath biomarkers
over time and relation with outcome, (II) agreement of
ARDS diagnosis between the researcher, clinician and
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an expert panel, (III) the diagnostic accuracy of LUS
for ARDS, (IV) combined diagnostic accuracy of LUS
and exhaled breath analysis for ARDS, (V) association
between breath biomarkers and ARDS subphenotypes,
(VI) association between breath biomarkers and plasma
biomarkers in ARDS pathophysiology and (VII) association
between the certainty of the ARDS diagnosis and the octane
concentration.

Sample size calculation

With an expected sensitivity of approximately 80% (8) and a
minimally acceptable lower confidence limit of 65% at least
52 patients with ARDS will be required for the study (28).
At a predicted incidence of 10.4% (2) at least 500 patients
will be needed for the primary endpoint.

Statistical analysis

Data will be summarised based on the type of data and
the distribution of the values for continuous variables.
Categorical variables will be presented as number and
percentage and differences will be tested with a Chi square
test. Continuous variables will be presented as mean with
standard deviation for variables with a normal distribution
(based on histograms, before and after transformation) or
with a presumed normal distribution (such as height) and
differences between groups will be tested with a z-test or
one-way ANOVA, as appropriate. Continuous variables
without a normal distribution (as defined above) will be
presented as median, 25th percentile and 75th percentile
and differences between groups will be tested with a Mann-
Whitney U test or Kruskall Wallis test, as appropriate.
Correlation between two continuous variables will be
performed with Pearson correlation for normally distributed
variables and with Spearman correlation for non-normally
distributed variables.

Logistic regression will be performed with the R “rms”
package. Univariate analysis will be performed for the
primary and secondary outcomes. Multivariate analysis will
always be performed with a selection of variables that have
clinical merit to which statistically significant variables will
be added that were not pre-defined. Automatic backward
selection based on Akaike Information Criterion (AIC)
will be performed for variable selection. Confounding
is defined as a change in beta coefficient of >10% after
the addition of the potential confounder to the logistic
regression model. Modification is defined as a statistically
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significant interaction term in the regression model. When
modification is found, a stratified analysis will be performed
within the subgroups.

Diagnostic accuracy is defined as the AUROCC. The
optimal cut-off will be calculated via the Youden index
and the corresponding sensitivity and specificity will be
reported. Calibration will be assessed through a plot of
observed probability against predicted probability with a
smoothed LOESS line. The added value of combination
of diagnostic tests over single tests will be assessed by net-
reclassification improvement and integrated discrimination

index (29).

End of study definition

The DARTS study will end when the 2-year inclusion
period is completed and at least 500 patients are included.

Reporting

The results will be reported according to the Standards for
Reporting Diagnostic Accuracy (STARD) guidelines (30).
The main manuscript will focus on the primary and
secondary outcomes. Tertiary outcomes will be addressed in
separate manuscripts.

Discussion

In this manuscript we described the protocol of the DARTS
study, an observational multicentre study in mechanically
ventilated ICU patients, aimed to assess diagnostic accuracy
of octane in exhaled breath for ARDS. To our knowledge,
this is the first study with an adequate sample size validating
a biological marker that was discovered using untargeted
analysis to non-invasively diagnose ARDS. The major
novelty of this study is the use of a POC breath test
that has been specifically developed for the purpose of
diagnosing ARDS.

This study will have several strengths compared to
previous studies on diagnostic tests for ARDS. First, we
will assess patients in an early phase of invasive mechanical
ventilation, as it is known that ARDS mostly develops
during the first 2 days (31). Second, the recruited patient
population includes all patients in two centers at risk for
ARDS, which limits the likelihood of selection bias. Third,
since the POC breath test might be used for monitoring
disease progress in the future, longitudinal sampling is
performed. Serial sampling will give insight in the changes
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in breath pattern during progression or resolution of lung
injury. Fourth, to overcome the low reliability of ARDS
diagnosis caused by the low interrater agreement, mostly
caused by chest radiography interpretation, an expert panel
is asked to diagnose ARDS independently. It is known that
this increases the reliability of the diagnosis (20).

To assess the primary endpoint, diagnostic accuracy
for ARDS, we require a quantitative assessment of the
concentration of octane in exhaled breath of mechanically
ventilated ICU patients. This concentration is derived
from features of the POC breath test chromatogram. The
procedure of analysis and data extraction is extensively
tested and validated in a pilot setting and the results will be
published before finalization of the here described study.
Several important challenges will be addressed: stability of
the column and detector over time, co-elution by VOCs
with similar chemical properties and repeatability of breath
sampling and analysis. For this purpose, calibration samples
with varying concentrations of octane and several other
VOC:s scattered throughout the chromatogram will be
analysed each week.

Next to answering the primary research questions,
additional analysis will be performed to discover possible
new biomarkers or features relevant in ARDS. This
analysis will be conducted using plasma biomarkers, breath
biomarkers and imaging data. Exhaled breath metabolomics
data, analysed by GC-MS, will be used to evaluate if
the same breath biomarkers that were previously found
to discriminate patients with ARDS can be replicated
in this cohort (8). Next to that, we will search for other
VOC:s that discriminate the breath of patients with ARDS
using data obtained by GC-MS and the POC breath test.
Subphenotyes will be discovered using unsupervised analysis
of breath metabolomics and plasma biomarkers data. The
LUS clips are systematically scored and are analysed for
their diagnostic accuracy for ARDS and their association
with outcome in conjunction with other imaging modalities.
This will result in a comprehensive physiological,
morphological and biological picture of each patient and
refines the comparison of the breath test.

The heterogeneity in ARDS yields it unlikely that a
single biomarker will provide perfect diagnostic results.
However, octane in exhaled breath likely directly
reflects oxidative stress in the lungs, which is one of the
pathophysiological processes that can result in lung injury.
It is known that changes in host response occur in acutely
injured lung before they can be detectable in the systemic
circulation (32). Therefore, a breath biomarker may
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provide us with early information about pathophysiological
processes in the lungs, and can serve as an early warning
sign of the development of lung injury in general but may
also point into the direction of the etiological pathway
that contributes to that injury. Besides diagnosis of ARDS,
a biomarker may also have value when it identifies a
subphenotype that consistently responds to a specific type
of treatment, a so-called treatable trait (33).

In conclusion, we hypothesize that the octane
concentration in exhaled breath, as measured with the
POC breath test, can facilitate early diagnosis of ARDS in
mechanically ventilated ICU patients.
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all included patients are, per definition, incapacitated to
provide informed consent. All measurements in this study
are non-invasive and data needs to be collected shortly after
intubation. For this reason, informed consent cannot be
obtained from the patient beforehand and deferred consent
is asked as the alternative. Patients are informed and asked
for written consent shortly after regaining the capacity to
provide consent. If the patient declines participation in the
study, the collected data will be destroyed. If the patient
deceases, the General Data Protection Regulation (GDPR)
states that the obtained data can be used without consent.
If a patient does not regain capacity before discharge, the
representative is asked for deferred consent. In case the
representative does not give consent, the collected data
will be destroyed. When the representative could not be
reached, and the patient does not regain capacity, the patient
will be excluded and the collected data will be destroyed.
In case the representative gave consent, the patient has the
possibility for an opt-out procedure. In all cases data will be
destroyed if consent is not given by either the patient or the
representative.
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