Influence of ambient air on NMR-based metabolomics
of exhaled breath condensates

To the Editors:

Nuclear magnetic resonance (NMR)-based metabolomic ana-
lysis of exhaled breath condensate (EBC) is a noninvasive
approach that has been used to study diseases of the respiratory
system [1, 2]. In a previous study, we questioned the accuracy of
NMR-based EBC analysis, demonstrating that the cleaning
protocols for reusable condenser parts produce a confounding
metabolite fingerprint largely unrelated to the endogenous
metabolites from the airways and alveolar fractions of exhaled
breath [3]. Here we present new data that provide a qualitative
assessment of exogenous contaminants in NMR spectroscopy
analysis of EBC, some proceeding from room air. Given the
presence of these contaminants in the NMR spectrum, classifi-
cation of these components as biomarkers of lung function
should be regarded with extreme caution. Previous studies have
reported the presence of room air components in mass spectro-
metry analysis of volatiles in exhaled human breath [4, 5] and
non-volatiles in exhaled human breath condensate [6].
However, although a previous NMR-based metabolomic study
of EBC reported the presence of external impurities such as
disinfectants or salivary signals [1], the influence of contaminat-
ing metabolites in room air was not considered.

In order to analyse the influence of exogenous signals on EBC
analysis, room air condensate and EBC from a healthy volunteer
were collected with an EcoScreen condenser (Jaeger, Wiirzburg,
Germany). The samples of room air condensate were acquired
with a device that continuously pumps room air into the
condenser at a flow rate (15 L-min™!) and tidal volume (500 mL)
typical of normal human breathing. The typical time required for
sample acquisition was 15 min. Another set of room air samples
was collected by locating a trap for air-contained water-soluble
organic compounds between the pump and the condenser to
study the origin of the exogenous signals in order to distinguish
room air signals from other contaminants. In this case, the
ambient air was directed through a chamber containing distilled
water so that any water soluble environmental compound will
remain in the water. This filtered air was then condensed in the
same EcoScreen device used for the whole set of experiments.
The reusable parts of the EcoScreen condenser were soaked with
hypochlorite solution (15 min) and then flushed with deionised
distilled water (15 min). Since hypochlorite solution does not
produce 'H NMR signals, this cleaning procedure should avoid
disinfectant contamination of the room air condensate and EBC
samples.

A gentle stream of nitrogen was passed over the condensates to
remove volatile substances. After 5 min of nitrogen exposure,
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samples were immediately frozen at -80°C and stored until NMR
analysis. In order to evaluate the influence of drying on NMR
metabolomic analysis, half of the samples were lyophilised in a
Cryodos-50 lyophiliser (Telstar, Barcelona, Spain) before NMR
analysis. Non-lyophilised samples were defrosted and 400 pL of
condensate was transferred to 2 mL eppendorf tubes. 50 pL of
1 mM trimethylsilyl propionate (TSP) in deuterium water (D,0O)
was added to provide a field frequency lock and internal
chemical shift reference. Lyophilised samples were reconstituted
with 150 pL D,O and 25 pL 1 mM TSP in D,O. Both sample sets
were transferred to 3 mm NMR tubes. "H-NMR spectroscopy
was performed at 700.13 MHz using a BrukerAvance III spectro-
meter (Bruker Biospin, Rheinstetten, Germany) equipped with
TCI CryoProbe, and operating at 4°C to reduce metabolite
degradation. Standard solvent-suppressed spectra were grouped
into 32,000 data points, averaged over 256 acquisitions. Data
acquisition lasted 16 min, using a sequence based on the first
increment of the Nuclear Overhauser effect spectroscopy
(NOESY) pulse sequence to suppress water resonance and limit
the effect of BO and B1 inhomogeneities on the spectra.

The "H NMR spectra of lyophilised exhaled breath conden-
sates of a healthy subject and from room air show a high
correspondence (fig. 1). The same correspondence is observed
between the 'H NMR spectral signals of non-lyophilised
samples obtained from EBC (fig. Sla) and room air conden-
sates (fig. S1b). Comparison of lyophilised and non-lyophilised
samples shows that non-lyophilised spectra present fewer
NMR signals, indicating that sample concentration (lyophilisa-
tion and resuspension) improves NMR sensitivity. 'H NMR
spectra of the lyophilised room air condensate samples clearly
show the presence, among other components, of propylene
glycol, propionate, acetate, lactate, glycerol, benzoate and
formate (fig. S2). Resonances were assigned according to the
Human Metabolome Database [7]. Comparison of non-filtered
and filtered room air shows that most of the spectral air signals
are removed by the collector trap (fig. 2). Nevertheless, filtered
room air samples still give H NMR signals, including lactate
and a non-identified signal (fig. 2b).

Principal components analysis (PCA) [8] was used to analyse
the variability between room air condensate samples. The PCA
model was developed using eight room air condensates
collected on two consecutive days: day 1, morning (n=2); day
1, afternoon (n=2); day 2, morning (n=2); and day 2, afternoon
(n=2). Before PCA, "H-NMR spectroscopic data were auto-
matically reduced to integral segments or buckets of equal
length (50.01 ppm) in order to compensate for variations in
resonance positions [9] and normalised to the TSP peak of
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FIGURE 1. 'H-nuclear magnetic resonance (NMR) spectra of lyophilised
condensates from a) the exhaled breath of a healthy subject and b) room air
pumped into the condenser by a continuous air pump. ppm: parts per million.

known concentration. Finally, the data were centred and Pareto
scaled. The PCA score plot (fig. S3) shows perfect discrimination
along the first principal component between the samples
collected on day 1 and day 2. In addition, a clear separation is
also observed along the second principal component between
the morning samples and afternoon samples. Furthermore, to
evaluate the overfitting of the EBC spectral data, the eight room
air condensates were classified into two arbitrary groups (A and
B), each containing one sample from each collection time. Partial
least squares (PLS) analysis [10] was applied to investigate
significant differences between the two groups. Spectral vari-
ables were compared by paired t-test. Differences were
considered statistically significant at a p-value below 0.05.
Statistical computing and spectral processing were conducted
with the Metabonomic package (rel.3.3.1) [11].

In our opinion, the present study demonstrates the presence of
an artificial metabolic fingerprint in EBC samples that is
unrelated to the endogenous lung metabolism. Comparison of
the "H NMR spectra of EBC samples from a healthy subject with
simultaneously collected samples of room air condensates
shows an unambiguous correlation. Our "H NMR analysis
demonstrates that room air contains metabolically relevant
signals, such as propionate, acetate and lactate, which were
proposed in earlier studies to be biomarkers of respiratory
diseases [1]. The unsupervised statistical analysis of room air
variability in our study shows that the room air metabolite
profile correlates with the day and time-of-day of collection. In
addition, as proof of statistical pitfalls in metabolomic analysis,
the room air condensates were randomly assigned to two
arbitrary groups and a supervised PLS analysis was performed
to detect differences between these groups. The PLS score plot
(fig. S4) shows a clear separation between the two groups, and
the PLS model yields a R? value of 98.57, which would usually
be considered to demonstrate a good classification model.
Furthermore, 96 spectral regions presented a p-value below
0.05. The result of this test strengthens the idea that a PLS scores
plot alone is insufficient for evaluating differences between
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FIGURE 2. "H-nuclear magnetic resonance (NMR) spectra of a) lyophilised
condensates from room air and b) room air filtered through a water-soluble organic
trap. ppm: parts per million.

groups. The PLS algorithm is fully able to search and identify
any difference between metabolic profiles in a multi- and
megavariate space in fewer than 50 samples. Therefore, if used
without supervision, the PLS algorithm can detect false
differences between arbitrary classes. Classification problems
in metabolomic data analysis have been widely discussed
[12, 13], and most models suffer from overfitting. From the
results presented here, we can conclude that a simple successful
classification of the training data cannot be considered a robust
parameter of the model. More realistic information on data
predictability and improvements to the quality of the inter-
pretations will require additional datasets for external valida-
tion analysis.

The present study demonstrates the presence of an exogenous
metabolic profile in the "H NMR spectra of EBC, reflecting the
presence of room air contaminants. Furthermore, we have
identified the air room contaminants and demonstrated the
variability of the room air condensate spectra by date and time-
of-day of experiment. Room air condensates contain the same
metabolites postulated as disease biomarkers in previous
publications [1], and our present analysis of PLS tests brings
into question the statistical robustness of the models developed
for NMR analysis of EBC.

In our opinion, researchers who quantify metabolites in breath
must compensate somehow for the analytes presented in
background air. This is perhaps a problem for NMR approaches
since filtering out these signals during acquisition is not
possible. However, this is not a problem for mass spectrometry
(MS)-based methods. Thus, we consider that there are essen-
tially three working options. 1) Ignore the problem. This is
probably the worst scenario and unfortunately most of the
published papers on the topic of EBC make no mention at all to
this problem. Our results demonstrate that this is not only a
problem for volatile metabolites, but also for metabolites in EBC.
Our conclusion is that EBC-based breathomic data are skewed
and results may be overfitted if these metabolites remain in the
analysis. 2) Supply the subject with medical air before and during
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EBC data collection. At this moment, this approach needs to be
validated in a rigorously controlled study and probably the only
solution for any relevant NMR based EBC data. In theory, this
new control could provide an unambiguous picture of breath
metabolism. 3) Subtracting the air background from the breath
signal (alveolar gradient). This method is currently applied in MS
breath analysis by measuring the metabolic concentration in
volatiles (also in EBCs) and subtracting (filtering) the analytes
from room air. Details about room air measurement have been
previously reported [14]. A similar approach cannot be easily
translated to NMR-based metabolomic data.

In summary, we are proposing that medical air inhalation should
be a requirement of future NMR-based metabolomic analysis.
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Extracorporeal membrane oxygenation in a
nonintubated patient with acute respiratory distress

syndrome

To the Editors:

Endotracheal intubation and mechanical ventilation are main-
stays in the management of patients with acute respiratory
distress syndrome (ARDS), but this treatment strategy exposes
the patient to several risks and complications. A small number
of ARDS patients can be treated with noninvasive ventilation
and these patients have less ventilator-associated pneumonia
and a lower mortality rate [1]. However, failure to improve
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oxygenation with noninvasive ventilation indicates the need
for endotracheal intubation [1].

In patients with severe respiratory failure, extracorporeal
membrane oxygenation (ECMO) is increasingly being used
on top of mechanical ventilation to facilitate oxygenation and
protective ventilation [2]. A novel concept is the use of ECMO
in awake, spontaneously breathing patients to avoid the
complications of invasive ventilation. So far, “awake ECMO”
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