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ABSTRACT: Although wheeze is common in preschool children, the underlying pathophysiology

has not yet been disentangled. Volatile organic compounds (VOCs) in exhaled breath may serve

as noninvasive markers of early wheeze. We aimed to assess the feasibility of VOC collection in

preschool children, and to study whether a VOC profile can differentiate between children with

and without recurrent wheeze.

We included children (mean (range) age 3.3 (1.9–4.5) yrs) with (n5202) and without (n550)

recurrent wheeze. Exhaled VOCs were analysed by gas chromatography–time-of-flight mass

spectrometry. VOC profiles were generated by ANOVA simultaneous component analysis (ASCA)

and sparse logistic regression (SLR).

Exhaled breath collection was possible in 98% of the children. In total, 913 different VOCs were

detected. The signal-to-noise ratio improved after correction for age, sex and season using ASCA

pre-processing. An SLR model with 28 VOCs correctly classified 83% of the children (84%

sensitivity, 80% specificity). After six-fold cross-validation, 73% were correctly classified (79%

sensitivity, 50% specificity).

Assessment of VOCs in exhaled breath is feasible in young children. VOC profiles are able to

distinguish children with and without recurrent wheeze with a reasonable accuracy. This proof of

principle paves the way for additional research on VOCs in preschool wheezing.
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I
n preschool children, wheeze is a frequent
reason for consulting a doctor. The group
of wheezing preschool children is diverse,

including children with asthma and children
with transient, virus-induced symptoms. Due to
this heterogeneity, different wheezing pheno-
types have been defined [1]. These phenotypes
are mainly based on the course of symptoms and
their triggers. They do not represent biologically
plausible classifications, since the underlying
pathophysiology of preschool wheeze has not
yet been disentangled.

High-throughput techniques, such as proteomics,
genomics and metabolomics, have become of
increasing importance in elucidating the pathways
of multiple diseases [2]. In recent years, interest
has emerged in applying the ‘‘omics’’ techniques
in a noninvasive mode by using exhaled breath as
a medium to assess biomarker profiles. Exhaled
breath consists of hundreds of volatile organic

compounds (VOCs), which are formed by various
inflammatory and metabolic pathways [3]. During
the inflammatory process, reactive oxygen species
(ROSs) are formed by inflammatory cells. ROSs
react with lipid membrane structures, leading to
the degradation of polyunsaturated fatty acids.
Consequently, several stable breakdown products
(VOCs) are formed [3, 4]. After entering the
bloodstream, VOCs are excreted into breath due
to their low solubility. In adults and older children,
the study of metabolomics using exhaled VOCs is
known to be a safe and noninvasive procedure to
evaluate ongoing processes of inflammation and
oxidative stress [3, 5]. Profiling exhaled VOCs has
been successfully applied in the diagnosis of
inflammatory lung diseases, such as cystic fibrosis
[6], asthma [5] and chronic obstructive pulmonary
disease (COPD) [7, 8].

There is increasing evidence that wheezing
children have enhanced airway inflammation
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and oxidative stress [9–11]. Therefore, we hypothesise that
wheezing children and children without wheeze have different
VOC profiles in their exhaled breath. However, no studies in
preschool children have been performed so far. In this proof-
of-principle study, we aimed to assess whether collection of
exhaled VOCs is feasible in preschool children and whether a
profile of VOCs can differentiate preschool children with
recurrent wheeze from healthy controls.

METHODS

Study population
We included children from the ADEM (Asthma Detection and
Monitoring) study in the Province of Limburg, the Netherlands
(registered at www.clinicaltrials.gov with identifier number
NCT00422747). In this study, children with recurrent wheezing
symptoms (n5202) and control subjects with no wheezing
symptoms (n550) were included at the age of 2–4 yrs and were
studied prospectively until 6 yrs of age. Recurrent wheeze was
assessed using the ISAAC (International Study of Asthma and
Allergy in Childhood) questionnaire and was defined as at
least two episodes of wheeze during life [12]. The study
protocol has been described in detail previously [13]. Ethical
approval was obtained from the Dutch National Medical
Ethical Committee (the Hague, the Netherlands) (identifier
number CCMO:NL17407.000.07/2007-001817-40). All parents
gave written informed consent.

Study design
For the current study, we analysed the data at inclusion.
During the initial visit, measurements of exhaled breath and
clinical patient characteristics were assessed. Inhaled corticos-
teroids (ICS) were stopped o4 weeks before this visit.
Measurements were postponed for 4 weeks in the case of
parentally reported symptoms of an airway infection, such as
runny nose, sneezing, sore throat, cough, malaise or fever.
Solid foods and exercise were not allowed within 1 h of the
measurements. The presence of atopy was determined using a
Phadiatop Infant test (Phadia, Uppsala, Sweden).

Exhaled breath analysis

Sample collection and analysis

Children breathed tidally through a facemask connected to a
non-rebreathing valve system, while watching cartoons. On
the expiratory port of the valve, a 1-L polycarbonate bag
(Tedlar1 bag; SKC Ltd, Blandford Forum, UK) was connected
to collect exhaled breath. When the bag was filled, it was
emptied across a stainless steel, two-bed sorption tube, filled
with Carbograph 1 TD/CarbopackTM X (Markes International,
Llantrisant, UK) for rapid adsorption and stabilisation of
volatile compounds. The tubes were airtight capped and stored
at room temperature until analysis. VOCs were released from
the tube using thermal desorption (Unity desorption unit;
Markes International). Next, the sample was injected into the
gas chromatography (GC) capillary (Trace GC; ThermoFischer
Scientific, Austin, TX, USA). In the GC capillary, VOCs were
separated and subsequently detected and identified using
time-of-flight (TOF) mass spectrometry (MS) (Tempus Plus;
ThermoFischer Scientific). Detailed information about the
conditions and settings of the GC–TOF-MS measurements
has been provided previously [14].

Data pre-processing
The pre-processing of the raw GC–TOF-MS output files
included automatic peak detection, baseline correction and
normalisation of retention times [14]. Thereafter, identical
compounds in all corrected files were combined into a large
database file. Complementary compounds in different samples
were linked based on similarity of retention times and mass
spectra. Similarity of mass spectral data was based on
calculating match factors [14]. Finally, normalisation of the
peak area was performed to compare the different peak areas
and accompanying intensities of the different compounds. We
previously tested our analytical procedure (including sam-
pling, storage and instrumental analysis) for reproducibility in
both adults and school children [6, 14]. We demonstrated that
instrumental, long-term and short-term intra-individual repro-
ducibility was high [6, 14].

Statistical analysis
Data were analysed using R (version 2.10.1; University of
Vienna, Vienna, Austria) and GLMnet toolbox (version 1.4) [15].
Clinical variables are presented as mean¡SEM or mean (range).
Categorical variables are presented as n (%). Differences in
clinical characteristics between children with and without
recurrent wheeze were evaluated by means of independent t-
tests, Mann–Whitney U-tests and Chi-square tests for contin-
uous parametric and nonparametric, and categorical variables,
respectively. A significance level of p,0.05 was used. Our
dataset is characterised by a large number of variables measured
compared to the number of subjects in the study (VOCs, n5913;
children, n5252). This raises multicollinearity and singularity
problems, which cannot be adequately solved by conventional
statistical methods (neither multivariable nor multivariate).
Therefore, we applied modern techniques to handle the high
dimensionality of the data: ANOVA simultaneous component
analysis (ASCA) and sparse logistic regression (SLR). ASCA
was used as pre-processing tool. ASCA worked by splitting up
the total VOC variation and assigning it to known sources
unrelated to wheezing, i.e. the factors sex, height, weight, age,
season of measurement and their interactions. The VOC
residuals obtained by ASCA were subsequently entered as
classifiers in a SLR model to study their effectiveness in
predicting recurrent wheeze. The objective was to select a
subset of VOCs that is highly discriminative between recurrent
and nonrecurrent wheezers. SLR selected the most predictive
VOCs by suppressing the noisy correlated VOCs, i.e. by pruning
them from the model and, therefore, protecting against high
false positive rates (fig. S1). In this way, the most informative
VOCs were selected. SRL is a classification method that gives a
sparse solution with high accuracy. More details about SLR are
described by HASTIE et al. [16]. Only VOCs with a prevalence of
o7% in the population were included in the SLR analysis [14,
17]. Weights were applied to correct for class imbalance (202
wheezers and 50 nonwheezers). Moreover, a six-fold cross-
validation was applied. The most predictive VOCs for recurrent
wheeze were identified by using the National Institute of
Standards and Technology library as described previously [14].

RESULTS

Clinical characteristics and feasibility
A total number of 258 children were invited to participate in
the study. We were able to successfully collect exhaled breath
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in 98% (n5252) of the children. Sudden anxiety was the major
reason for drop-out of the remaining six children. Of the
included children, 202 children had recurrent wheezing
symptoms (mean (range) age 3.2 (1.9–4.5) yrs) while 50
children did not experience recurrent wheezing (age 3.3 (2.2–
4.1) yrs). The clinical characteristics are described in table 1.
Eczema was more frequent in children with recurrent wheeze
compared with nonwheezers (p,0.05). Around 40% of the
wheezing children used a short-acting b2-agonist as rescue
medication and 19% of the wheezing children were on
maintenance treatment with ICS. ICS were stopped o4 weeks
before the measurements and short-acting b2-agonists o8 h
before the measurements. In seven patients, stopping of ICS
was not permitted by the responsible physician because of
severe asthma symptoms.

Exhaled VOCs
VOC profiles could be determined in all samples. In total, 913
different VOCs with a prevalence of o7% could be detected.
The number of exhaled VOCs per child was, on average, 350.

Covariates

An initial principal component analysis demonstrated that the
data were divided in clear clusters irrespective of wheezing.
We performed ASCA to determine which covariates were
predictive of this clustering but were not predictive of
recurrent wheeze. The responsible covariates included sex,
age and season, of which only season mildly correlated with
wheezing (r50.125, p50.05). The variance explained by sex,
age and season varied between VOCs. The explained variance
of season was ,23% for 99% of the VOCs (fig. 1). This
percentile limit (1%) was 7% for age and 6% for sex (figs S2
and S3). Data variability explained by these variables (and
their interaction) was subtracted from the VOC data in order to
improve the signal-to-noise ratio.

Sparse logistic regression

SLR was applied to the ASCA residuals (VOCs data corrected
for sex, age and seasonal effects). Linear weights were

computed to correct for class imbalance (202 wheezers, weight
0.62; 50 nonwheezers, weight 2.52). The SLR model for
recurrent wheeze including the 28 most discriminative VOCs
(with a lambda of 0.135) demonstrated a classification error of
0.17, with a sensitivity of 84% and a specificity of 80%. The
receiver operating characteristic curve of this SLR model is
presented in figure 2. Internal cross-validation of the data had
a limited effect on sensitivity (79%) but diminished the
specificity (50%), with an overall cross-validated classification
error of 0.27. The most discriminative VOCs of the SLR model
are presented in table 2.

DISCUSSION
This is the first study that explored the discriminative value of
exhaled VOCs in preschool children with respiratory symp-
toms. We demonstrated that VOCs can be easily and safely
collected and determined in the exhaled breath of preschool
children. Moreover, a profile of exhaled VOCs was fairly able
to differentiate children with recurrent wheeze from children
without wheeze with an acceptable cross-validated classifica-
tion error and sensitivity, though with a limited specificity.

Preschool wheeze is a common, though complex, symptom.
The underlying causes for preschool wheezing are hetero-
geneous and are not sufficiently understood [1]. There is
increasing evidence that airway inflammation plays a sig-
nificant role in preschool wheeze. However, data are scarce
since the current techniques to assess airway inflammation (e.g.
biopsy) are too invasive for routine use in children. The need
for noninvasive assessment of airway inflammation has led to
increasing interest in breath analysis including exhaled VOCs.
In this study, we demonstrated that measuring VOCs in exhaled
breath is feasible in preschool children. Our high success rate
was the consequence of three main factors. First, we achieved a
high success rate for the collection of exhaled breath by using
tools to make the children feel at ease during the measurements.
Secondly, we used the GC–TOF-MS technique for VOC analysis.
This is a highly sensitive technique capable of detecting a wide
range of VOCs. Thirdly, we used the raw mass spectra to match
similar compounds in all children. In most studies, compounds

TABLE 1 Clinical characteristics of the study population

With recurrent wheeze No recurrent wheeze

Subjects n 202 50

Age yrs mean (range) 3.2 (1.9–4.5) 3.3 (2.2–4.1)

Males/females n/n 112/90 24/26

Atopy# 47/191 (25) 11/45 (24)

Eczema* 77/197 (39) 11/50 (22)

Airway resistance kPa?s?L-1 median (IQR) 1.4 (1.3–1.7) 1.4 (1.2–1.7)

Exhaled nitric oxide fraction ppb median (IQR) 7.1 (3.9–13.3) 8.2 (3.4–13.0)

Use of ICS* 38/202 (19) 0/50 (0)

Use of short-acting b2-agonists* 77/202 (38) 0/50 (0)

Parental asthma* 70/201 (35) 8/50 (16)

Parental smoking 75/202 (37) 13/50 (26)

Season of measurement* winter/spring/summer/autumn % 25/24/32/19 24/40/34/2

Data are presented as n/N (%), unless otherwise stated. IQR: interquartile range; ICS: inhaled corticosteroids. #: defined as a positive Phadiatop Infant test (Phadia,

Uppsala, Sweden); numbers may not sum to 202 or 50 in wheezers and nonwheezers, respectively, due to missing values.*: p,0.05.
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are first identified in a library and, thereafter, compared
between subjects. However, this approach is vulnerable to
mistakes and improper identification of compounds can
hamper the quality of databases. Our innovative procedure
that matches compounds on the basis of the raw mass spectra
and retention time creates a more reliable database [8].

We demonstrated that a profile of VOCs was fairly able to
distinct wheezing children from healthy controls. We achieved
an acceptable prediction model after deducting the data
variability explained by sex, age and season. Despite the fact
that season was slightly related to wheeze and, therefore, some

relevant variance explained by wheeze might have been
subtracted, the predictive value of our model was improved
by performing ASCA pre-processing. The fact that season of
measurement, sex and age are major sources of variability in our
data stresses the importance of further exploring these, and
possible other, confounding factors in future studies. The most
important discriminative compounds in our model for recurrent
wheeze mainly included hydrocarbons. Around 40% of these
hydrocarbons were less prevalent in the exhaled breath of
children with recurrent wheeze compared with children with-
out wheezing symptoms. This is comparable to our previous
findings in COPD patients and children with asthma [5, 8]. The
complicated biological equilibrium of formation and removal of
VOCs in the human body might be a possible explanation for
this finding. As VOCs are believed to be formed during
processes of inflammation and oxidative stress, the relative
composition of VOCs in exhaled breath can change due to a
disease, and this change can be either an increase or a decrease
of certain compounds [5]. For example, it is conceivable that
children with wheezing symptoms have enhanced oxidative
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The area under the curve is 0.92. After internal cross-validation, the sensitivity was

79% and the specificity was 50%.

TABLE 2 Most discriminative volatile organic compounds
(VOCs) for recurrent wheeze

VOC Recurrent

wheeze

No wheeze Total

2-methyl-1-butene 2 28 7

6-methyl-2-heptanone 6 16 8

2,4,6-trimethyl-decane 4 32 9

2,4-octadiene 5 28 9

1,4-dichloro-benzene 6 22 10

1,2-propanediol 9 12 10

Unknown 6 24 10

2,4-dimethyl-1-heptene# 8 26 12

2,4,4-trimethyl-1-pentene 9 30 13

Unknown 10 34 15

Acetophenone 17 44 22

2-propen-1-ol 27 30 27

1,2,3-trimethylbenzene 18 6 15

Pentanoic acid 17 8 15

Unknown 15 4 13

Unknown 18 6 16

Nitrocyclohexane 24 14 22

4-methyl-1-decene 15 6 14

3-methyl-1-butene 13 4 11

Hexadecan-2-ol 19 2 15

Unknown 18 6 15

Naphthalene 25 16 23

Unknown 8 2 7

2-ethyl-1,3-butadiene 9 0 7

2,4-dimethyl-1-heptene# 7 4 7

Unknown 10 2 8

1-methylethynylbenzene 18 0 15

4-methyl-2-pentenal 9 0 7

Data are presented as percentage of subjects (wheezers, nonwheezers and the

total group) in which the compound was detected; #: difference in retention

time ,3 s, probably isomeric compounds.
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stress. This might lead to enhanced lipid peroxidation in which
certain VOCs, especially long-chain hydrocarbons, are further
oxidised into smaller components and, consequently, are
exhaled in lower concentrations.

One of the strengths of our study is that we have studied the
entire range of exhaled VOCs instead of pre-selected inflam-
matory markers. This enables us to explore all potential
compounds of interest. When analysing the entire range of
exhaled VOCs, hundreds of components can be identified,
leaving a challenging task regarding the statistical analysis to
interpret and understand the data. We analysed our data using
SLR. Conventional logistic regression can easily be applied on
small-scale and well-designed problems but will generally fail
for megavariate, collinear data. SLR can be considered as a
biomarker selection method that suppresses noisy correlated
VOCs (GC–MS peaks; fig. S1). This results in more sparse
models that provide protection against high false positive
rates. Despite this advanced statistical technique, the results
are still easy to interpret. Other modelling techniques that were
previously applied to VOC data included discriminant
analysis (either with or without principal component analysis
as a pre-processing tool) [5–7, 18], support vector machine
analysis [8, 19] and fuzzy logic models [20]. Currently, there is
no consensus about the optimal statistical technique to analyse
VOCs. Comparing the performance of different methods
should be assessed in future studies.

An additional strength of our study is that we have used GC–
TOF-MS for the detection of VOCs. This sensitive technique is
able to detect single compounds both quantitatively and
qualitatively, and therefore provides detailed and complete
information on the different exhaled VOCs. Another potential
technique to detect VOCs is the electronic nose [7, 21]. Although
this technique is rapid, easy to use and not very expensive, it is
unable to identify single compounds in exhaled breath.

Some limitations of our study can be noted. First, we classified
children based on parental-reported wheeze in order to
simulate clinical practice. We did not confirm wheeze with a
doctor. Therefore, it is possible that some children were
misclassified and, thereby, have weakened the discriminative
value of our model. It can be expected that a more stringent
classification using doctor-confirmed wheeze will result in less
misclassification and, subsequently, to a better discriminative
model for preschool wheeze. Moreover, the group of wheezing
children that we have studied is still heterogeneous. While
some of the children wheeze due to recurrent viral respiratory
tract infections, in other children, asthma is the underlying
cause of their symptoms. Differentiating these wheezing
phenotypes will be possible after our 4-yr follow-up.

Despite the potential use of VOCs in paediatric lung diseases,
multiple constraints need to be resolved before the analysis of
VOCs can be applied in clinical practice. First, future efforts
should be directed towards standardisation of the collection and
analysis of data. The development of international recommen-
dations for standardised procedures, as developed for exhaled
nitric oxide and markers in exhaled breath condensate, would
be useful in order to enhance the interlaboratory comparability
[22, 23]. Secondly, validation is important. Although most
studies include cross-validation, the next step to be taken is the

use of an external validation set. Thirdly, more insight is needed
into the physiological meaning and biochemical origin of VOCs.
As described before, VOCs can be formed during lipid
peroxidation as the result of airway inflammation. Since VOCs
are blood borne, it is conceivable that they are also formed
during other processes and have a more systemic origin as well.
Therefore, in future, clinical studies should be combined with
animal and in vitro studies to assess a more profound biological
interpretation of discriminative VOC models. Finally, the
refinement of sampling techniques would enhance the potential
use of VOCs in the diagnosis and monitoring of pulmonary
diseases in the future. Once these steps are taken and the
discriminative VOC profiles have been validated in large-scale
clinical studies, technologies such as dedicated GC devices or
other sensor technologies will speed up analysis and become
cost-effective as a diagnostic tool.

In conclusion, a profile of VOCs in exhaled breath was fairly
able to discriminate between preschool children with and
without recurrent wheeze. Although our model showed an
acceptable classification error and sensitivity, it had a limited
specificity. However, in this proof-of-principle study, we
demonstrated the potential of VOC analysis as a technique that
can provide valuable information about disease status in
wheezing children. Hopefully, this will pave the way for
additional research on VOCs in the field of preschool wheezing.
Potential future applications of VOCs include objectively
defining preschool wheezing phenotypes (based on underlying
pathophysiology), assessing an early asthma diagnosis and
evaluating treatment.
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