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ABSTRACT Preschool rhinovirus-induced wheeze is associated with an increased risk of asthma. In adult

asthma, exhaled volatile organic compounds (VOC) are associated with inflammatory activity. We therefore

hypothesised that acute preschool wheeze is accompanied by a differential profile of exhaled VOC, which is

maintained after resolution of symptoms in those children with rhinovirus-induced wheeze.

We included 178 children (mean¡SD age 22¡9 months) from the EUROPA cohort comparing

asymptomatic and wheezing children during respiratory symptoms and after recovery. Naso- and

oropharyngeal swabs were tested for rhinovirus by quantitative PCR. Breath was collected via a spacer and

analysed using an electronic nose. Between-group discrimination was assessed by constructing a 1000-fold

cross-validated receiver operating characteristic curve. Analyses were stratified by rhinovirus presence/

absence.

Wheezing children demonstrated a different VOC profile when compared with asymptomatic children

(p,0.001), regardless of the presence (area under the curve (AUC) 0.77, 95% CI 0.07) or absence (AUC

0.81, 95% CI 0.05) of rhinovirus. After symptomatic recovery, discriminative accuracy was maintained in

children with rhinovirus-induced wheeze (AUC 0.84, 95% CI 0.06), whereas it dropped significantly in

infants with non-rhinovirus-induced wheeze (AUC 0.67, 95% CI 0.06).

Exhaled molecular profiles differ between preschool children with and without acute respiratory wheeze.

This appears to be sustained in children with rhinovirus-induced wheeze after resolution of symptoms.

Therefore, exhaled VOC may qualify as candidate biomarkers for early signs of asthma.
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Introduction
About one in three children has lower respiratory tract symptoms (LRTS) resembling the symptoms of

asthma during the first 3 years of life [1]. About one-third of these children will eventually be diagnosed

with asthma at school age [2]. Virtually all episodes of respiratory symptoms can be linked to viral

infections [3]. Amongst these, rhinovirus-induced LRTS may promote an exaggerated inflammatory

response, possibly promoting the development of asthmatic features [4]. This may explain their strong

association with a subsequent diagnosis of school-age asthma [5, 6], suggesting that rhinovirus-induced

wheeze represents a phenotype of preschool wheeze with prognostic relevance.

Nonetheless, accurate prediction of asthma in wheezy children remains challenging. Current symptom-

based predictive rules generally have limited accuracy due to heterogeneity of the disease processes

underlying LRTS in infancy [7]. Assessing more objective criteria, such as airway hyperresponsiveness,

airway obstruction or airway inflammation, is challenging, if not impossible, to perform reliably in

preschool children. This creates a need for minimally invasive biomarkers reflecting the pathobiology

underlying wheeze and, potentially, the development of asthma in children.

Along these lines, analysis of breath-based biomarkers, such as exhaled nitric oxide fraction (FeNO), have

received considerable attention. FeNO has been shown to be elevated with increased airway responsiveness

[8] and to aid in the prediction of asthma symptoms in preschool wheeze [9]. Unfortunately, its predictive

value is hampered by the heterogeneity of conditions altering FeNO values [10]. Given the complexity of the

histological abnormalities that are already manifest in bronchial biopsies of preschool wheezers [11],

composite biomarkers may more robustly reflect the multifactorial pathophysiology of the disease processes

underlying wheeze and its potential progression towards asthma [7]. This can be approached by high-

throughput ‘‘omics’’ technologies [12].

A noninvasive omics approach is the analysis of exhaled volatile organic compounds (VOC). In adults,

several studies have independently shown that VOC can differentiate between patients with asthma, patients

with chronic obstructive pulmonary disease and healthy controls [13, 14]. In children with established

asthma, volatile biomarker analysis enabled prediction of subsequent exacerbations [15]. Furthermore, a

recent study by VAN DE KANT et al. [16] showed that children with preschool wheeze have different VOC

when compared with their healthy counterparts. These results are likely to be driven by the association of

VOC with inflammatory markers such as eosinophilia [17, 18]. This raises the possibility that a prolonged

inflammatory response associated with rhinovirus-induced wheeze could be detected by VOC analysis.

Therefore, we first hypothesised that acute preschool wheeze is reflected by a differential profile of exhaled

VOC. Second, we hypothesised that this VOC profile is maintained after resolution of symptoms in those

children with rhinovirus-induced wheeze. Our aim was to study this by assessing exhaled VOC in

asymptomatic and wheezing children during the acute episode and after symptomatic recovery. All the

analyses were stratified according to the presence/absence of rhinovirus to assess specificity of our outcomes

for rhinoviral infections. By doing so, we aimed to establish whether exhaled biomarkers have potential for

the assessment of a high-risk phenotype in the development of asthma.

Methods
Subjects
This study is part of the Early Unbiased Risk Assessment of Pediatric Asthma (EUROPA) trial, a prospective

cohort study aimed at early prediction of asthma. Subjects were recruited by targeted mailing from an

unselected birth cohort of 12 033 children born in greater Amsterdam, aged between 0 and 12 months at

inclusion. Infants were eligible if not born under 31 weeks of gestation and were known not to have any

manifest illness, specifically any pulmonary disorder. 1216 infants were included into the trial after both

parents provided consent (fig. 1). At inclusion, a structured baseline questionnaire was obtained as

modified from the EuroPrevall study on pregnancy, family history and general health [19].

Design
This study was designed as a prospective nested case–control follow-up cohort study. The cohort was

monitored for the occurrence of acute episodes of LRTS from December 2010 to December 2012. When

parents called the research centre, a structured telephone interview was obtained. Children experiencing

cough, wheezing and/or dyspnoea sufficiently severe for parents to warrant a visit to their family physician

entered the symptomatic arm of the study, and were visited within 8 h of establishing these symptoms. At

that time, a structured questionnaire including the Pediatric Respiratory Assessment Measure (PRAM)- and

Asthma Control Questionnaire (ACQ)-based severity score [20, 21] were administered (realising that the

ACQ has not been validated for this age group). Exhaled breath was analysed, and naso- and oropharyngeal

swabs were collected for viral diagnosis. A trained researcher performed auscultation to determine the
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presence or absence of wheeze. Children with confirmed expiratory wheeze were scheduled to be re-assessed

a minimum of 6 weeks later after a symptom-free episode of o1 week, defined as a PRAM- and ACQ-

based severity score of 0. At that time point, all aforementioned measurements were repeated. Children in

whom wheeze could not be confirmed were re-assessed upon recurrence of their symptoms to determine

whether they should be scheduled for a visit after recovery of these symptoms. Only one symptomatic visit

was included in the study for each child.

Asymptomatic children were studied as controls. These children were recruited by random selection from

the same cohort and had never experienced LRTS severe enough to contact their family physician. If LRTS

occurred after inclusion as a control, a new control was recruited. Regardless of the presence of symptoms,

all parents were requested to fill out a bi-annual International Study of Asthma and Allergies in Childhood-

based questionnaire [22], matched to their birth date, to monitor respiratory symptoms and the general

health of children. This study was approved by the Medical Ethical Committee of the Academic Medical

Centre Amsterdam, Amsterdam, the Netherlands (approval number 09/066) and the parents gave written

informed consent. The EUROPA study is registered in the Dutch Trial Register (NTR-1955).

Viral diagnosis
All naso- and oropharyngeal swabs (Copan, Brescia, Italy) were tested within 6 h of collection for the

presence of 14 respiratory viruses by multiplex quantitative PCR (rhinovirus, respiratory syncytial virus,

influenza viruses A and B, enterovirus, metapneumovirus, coronavirus, parechovirus, parainfluenza viruses

1–4, bocavirus, and adenovirus) [23]. A virus was deemed present when either the naso- or oropharyngeal

swab tested positive.

Breath collection and analysis
Exhaled breath was collected by means of a Babyhaler (GlaxoSmithKline, Brentford, UK) with inverted

valve system. Children breathed tidally into a face mask covering the mouth and nose. Environmental VOC

inside the child’s airways and the spacer were washed out during 100 s of breathing through an inspiratory

VOC filter (North Safety Products, Middelburg, the Netherlands). Ambient air drawn through an identical

VOC filter was used to create a baseline reference signal. The exhaled breath was subsequently sampled for

40 s directly from the spacer by two separate Cyranose 320 Electronic Nose (eNose) devices (IOS Inc.,

Pasadena, CA, USA). A Cyranose 320 has an array of 32 nano-sensors that show nonselective interactions
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with the VOC mixture. This creates a so-called breathprint, a pattern of resistance changes for the individual

sensors that reflects the profile of the VOC mixture. This device has commonly been used for breath

analysis, and has shown adequate repeatability and reproducibility [24]. Further details on methodology are

available in the online supplementary material.

Sample size estimation
Based on a pilot study comparing children with and without expiratory wheeze, we established that a

sample size of 21 subjects per group would be sufficient to reject the null hypothesis that VOC analysis

cannot discriminate symptomatic and asymptomatic children with a power of 90%. Additional information

on this pilot study is available in the online supplementary material.

Data analysis
Data were analysed using SPSS (version 22.0; IBM, Armonk, NY, USA). Subject characteristics were

compared by independent t-tests or the Chi-squared test when applicable. The variance of the original

breathprints was recombined into a set of six orthogonal factors by principal component analysis (based on

capturing a variance of ,99% with factor loadings .0.1). The discriminative potential of these factors was

assessed by independent t-test for between-subject analysis and dependent t-test for within-subject testing.

Discriminating principal components (p,0.05) were subsequently used in a canonical discrimination

analysis. This technique creates an algorithm that provides the probability for each subject that it is a case or

control. These probabilities were used to construct receiver operator characteristic (ROC) curves with areas

under the curve (AUCs), sensitivities, specificities, and negative and positive likelihood ratios.

Data were validated by creating a random training and validation set in a 2/1 ratio. In order to check the

reliability of the outcomes, the AUC was determined by generating 1000 random classifications of the

subjects into training and validation sets, and calculating the mean AUC for these random distributions and

their associated performance characteristics [25]. Single-point sensitivity and specificity values were drawn

from the AUC curves to illustrate the model characteristics based on the Youden index. A p-value of ,0.05

was considered statistically significant. Replicate analysis obtained by the second eNose is presented

separately. The intraclass correlation coefficient and Crohnbach’s alpha were calculated to assess the

between-device reproducibility of AUCs. Potential confounding of our results by use of inhaled

corticosteroids (ICS) or b2-agonists in the symptomatic group was assessed by comparing VOC profiles

of symptomatic children with and without such medication. The effect of age on the discriminating

principal components was assessed within noninfected healthy controls.

Results
178 children participated in the study (fig. 1). Symptomatic children were significantly younger than

asymptomatic children for both rhinovirus-positive and -negative cases. Asymptomatic children had a

positive PCR for any of the viruses in 39% of the cases. For symptomatic children, this proportion was 83%

(p,0.001). Rhinovirus-negative symptomatic children had significantly fewer co-infections then did

rhinovirus-positive symptomatic children (p,0.05). Detailed baseline characteristics are presented in

table 1.

Association between acute wheeze and exhaled breathprint
Six principal components captured 99.7% of the original variance for rhinovirus-positive children, of which

three principal components significantly differentiated between symptomatic and asymptomatic children.

For rhinovirus-negative children, 99.6% of the variance was captured, of which two components

differentiated between the two target groups.

In the training set, the constructed algorithm differentiated between children with acute respiratory wheeze

and asymptomatic children with respect to their exhaled VOC profile, regardless of the presence (AUC 0.86,

95% CI 0.10; p,0.001) or absence (AUC 0.87, 95% CI 0.07; p,0.001) of rhinovirus. In the validation set,

the accuracies were AUC 0.77 (95% CI 0.07; p,0.001) and AUC 0.81 (95% CI 0.05; p,0.001) for

rhinovirus-positive and -negative children, respectively. A ROC curve for the latter algorithm stratified

according to the presence of rhinovirus is presented in figure 2.

Breathprint of rhinovirus-induced wheeze after recovery
Six principal components were constructed to capture 99.1% of the original variance for rhinovirus positive

and 99.6% of the variance for rhinovirus-negative cases. Three of these principal components differentiated

between recovered children and controls for rhinovirus-positive children, and two for rhinovirus-negative

children. Upon recovery of symptoms, the exhaled VOC profile of children with rhinovirus-induced wheeze

could still be discriminated with a similar accuracy from that of asymptomatic children in the training
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(AUC 0.87, 95% CI 0.10; p,0.001) and validation set (AUC 0.84, 95% CI 0.06; p,0.001). By contrast, the

accuracy of this discrimination decreased significantly (p,0.05) after resolution of symptoms in children

with non-rhinovirus-induced wheeze (training: AUC 0.71 (95% CI 0.10; p,0.001); validation: AUC 0.67

(95% CI 0.06; p50.005)). A ROC curve for the validation set algorithm, stratified according to the presence

of rhinovirus, is presented in figure 3. Detailed performance characteristics for validation algorithms are

presented in table 2. The training set algorithms are detailed in online supplementary table E1.

Confounders and replicate analyses
We did not find statistically significant differences after stratification for the use of ICS (p50.11) or the use

of b2-agonists (p50.07). However, influence of concomitant medication cannot be fully excluded and

requires further study. Furthermore, age did not affect the VOC profile (p.0.13). These results were

reproduced by a second eNose with similar accuracies. There were no significant differences between the

accuracies of the devices for any of the analyses. The intraclass correlation coefficient for eNoses 1 and 2 was

0.85 with a Crohnbach’s alpha of 0.83, indicating good reproducibility. Details of performance

characteristics for replicate analyses are available in the online supplementary material for both training

(table E3) and validation datasets (table E2)

Discussion
Our study has shown that children with LRTS have significantly different exhaled VOC profiles compared

with asymptomatic children, regardless of the presence or absence of rhinovirus. Consistent with this, we

found that the accuracy of this discrimination decreases significantly after children with non-rhinovirus-

induced wheeze recovered from their infection. However, despite full symptomatic recovery exhaled

biomarkers in children with rhinovirus-induced wheeze could still be discriminated with similar accuracy

from asymptomatic children. These findings indicate that a prolonged (inflammatory) response associated

with symptomatic rhinovirus infections may be captured by exhaled VOC. As rhinovirus-induced wheeze is

associated with a 10-fold increased risk of a future diagnosis of asthma [6], this study suggests that exhaled

VOC are candidate biomarkers to noninvasively detect early signs of asthma in preschool children. This

warrants long-term, prospective follow-up.

To our knowledge, this is the first study addressing exhaled biomarkers in relation to viral presence in

children with LRTS. The present results thereby extend those of VAN DE KANT et al. [16], who showed that

TABLE 1 Baseline subject characteristics

Rhinovirus positive Rhinovirus negative

Symptomatic Asymptomatic Symptomatic Asymptomatic

Subjects n 37 26 44 71
Females 11 (31) 14 (54) 18 (41) 33 (47)
Age at first visit months 16.8¡9.4 27.8¡4.9** 19.5¡9.4 28.3¡3.5**
Birth weight kg 3.5¡0.6 3.6¡0.6 3.5¡0.6 3.5¡0.5
Prematurity 1 (3) 0 (0) 0 (0) 5 (7)
Breast milk fed 31 (84) 24 (92) 35 (80) 66 (93)
Parental asthma 10 (27) 2 (8)** 14 (32) 10 (14)**
Prenatal smoke exposure 1 (3) 1 (4) 4 (9) 3(4)
Environmental smoke

exposure#
4 (11) 3 (12) 7 (16) 5 (7)

b2-agonist use 23 (62) NA 25 (57) NA
ICS use 9 (24) NA 11 (25) NA
PRAM severity 2.5¡2.0 NA 2.4¡1.7 NA
ACQ-based control 14.6¡7.3 NA 16.9¡6.5 NA
Time to recovery weeks 28.3¡14.3 NA 21.1¡14.9 NA
Positive PCR NA NA 33 (75) 12 (17)**
Co-infection 19 (51) 3 (12)* 12 (27) 1 (1)*

Data are presented as n (%) or mean¡SD, unless otherwise stated. Breastfed infants were breastfed at least during the first month of their life.
Parental asthma was defined as a parent-reported doctor diagnosis of asthma in either parent. Prenatal smoke exposure was defined as smoking
by or near the mother while she was pregnant. ICS: inhaled corticosteroid; PRAM: Pediatric Respiratory Assessment Measure; ACQ: Asthma
Control Questionnaire; NA: not applicable. #: missing values (n52) were replaced by the respective group mean. *: p,0.05 for comparison with
symptomatic children; **: p,0.01 for comparison with symptomatic children.
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VOC profiles can distinguish children with and without wheeze during asymptomatic episodes with a

modest sensitivity of 79% and a low specificity of 50%. Their analysis resembles the present comparison of

symptomatic children after resolution of symptoms with those who were asymptomatic. In fact, our data

may help to explain the relatively limited specificity in the study by VAN DE KANT et al. [16], showing that

this distinction is dependent on the presence or absence of a rhinovirus during the acute episode.

We made large efforts to ensure the validity of our findings by careful methodological choices. A strength of

the study is the large, well-characterised and unselected birth cohort, which allowed prospective monitoring

of LRTS. The criteria for symptomatic children and their re-evaluation after recovery were selected in order
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FIGURE 2 Receiver operating characteristic curves for discrimination of symptomatic and asymptomatic children by
volatile organic compound analysis in rhinovirus (RV)-positive and -negative cases in the validation dataset. RV positive:
area under the curve (AUC) 0.77 (95% CI 0.07; p,0.001); sensitivity 73.0%; specificity 96.0%. RV negative: AUC 0.81
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to mimic the real-life population of a general practitioners office. This was meant to maximise external

validity in relation to first-line medicine. The validity was further increased by a stringent statistical

approach for discovery of molecular signatures [25, 26], which validated the results by 1000 random

classifications and minimised the risk of false-positive results by reproducing the results with a second

device. Finally, we used state-of-the-art, multiplex, quantitative PCR analysis in order to optimise virus

identification in both oro- and nasopharyngeal samples [23, 27].

Our study has some limitations, which are largely implicit to its design. Firstly, 75% of the children with a

symptomatic infection did not meet the criteria for a symptom-free period of o1 week, 6 weeks after their

primary episode due to recurrent or prolonged symptoms. This required their symptom-free re-assessment

to be postponed. Due to the serial nature of infections with respiratory pathogens in children, it is not

unlikely that some of them experienced another respiratory tract infection before being re-assessed [3]. We,

however, deliberately chose only to reassess children when asymptomatic rather than after a fixed time

period. The latter would have resulted in a mixed population of symptomatic and asymptomatic children,

which grossly affects exhaled VOC as shown by the present data.

Secondly, 25% of the children experienced multiple simultaneous infections, which have been observed to

be associated with more severe illness [3]. It cannot be excluded that some of the children were symptomatic

in response to one of the co-infected viruses rather than the rhinovirus. This may have biased interpretation

of rhinovirus-associated changes in VOC profiles. Unfortunately, differentiation of effects by each of the 14

respiratory viruses and their combinations on exhaled markers would have required a far greater sample

size, and reaches beyond the objective of the present study because their association with development of

asthma is less pronounced in a general practice population.

The asymptomatic children were significantly older than the symptomatic children. This was due to the fact

that children experiencing LRTS after being assessed as a control were excluded from this arm of the study.

Subsequently, a novel, and therefore older, control had to be recruited. We believe this approach

strengthened the study despite the potential age bias introduced due to the ageing of the controls.

Furthermore, we did not observe that age affected the VOC profile despite the fact that airway dead space

volume increases with age [28]. Additionally, VOC profiles were not significantly affected by the use of ICS

or b2-agonists. Finally, an effect of environmental smoke exposure and sex on the VOC profile cannot be

excluded. As these latter two did not differ significantly between study groups, these are unlikely to affect

our outcome.

eNose assessment allows probabilistic analysis and classification of subjects, but is principally not suited to

identify individual exhaled molecular constituents [29]. The exact origins of the VOC differentiating

symptomatic and asymptomatic children are unknown but most likely result from a combination of airway

obstruction [30], an increase in oxidative stress, changes in the microcirculation and the hosts immune

response [31]. These compounds are likely to have both pulmonary and systemic origins. Using gas

chromatography–mass spectrometry (GC-MS), it appears that preschool wheezing is associated with mostly

hydrocarbon-based exhaled VOC [16]. These closely resemble, but are not identical to, those that have

been associated with asthma [17, 32]. Thus far, there is little knowledge on virus-associated VOC [33].

These are likely to be dependent on pathogen–host interactions, which may explain why symptomatic and

TABLE 2 Electronic nose 1 validation set: performance characteristics of volatile organic compound analysis for children with
lower respiratory tract symptoms

Mean AUC (95% CI) p-value Sensitivity Specificity +LR -LR

Rhinovirus positive
Acute infection# 0.77 (0.07) ,0.001 73.0 96.0 18.25 0.28
Recovered" 0.84 (0.06) ,0.001 84.0 75.9 3.49 0.21

Rhinovirus negative
Acute infection# 0.81 (0.05) ,0.001 75.6 71.4 2.64 0.34
Recovered" 0.67 (0.06) 0.005 62.9 65.6 1.83 0.57

Sensitivities, specificities, and positive (+LR) and negative likelihood ratios (-LR) are reported for the respective optimum cut-points. Symptomatic
infection was defined as the presence of expiratory wheeze as assessed by auscultation. Asymptomatic infections were defined as children never
experiencing respiratory symptoms severe enough to consult a general practitioner. Recovered infections were defined as children with confirmed
wheeze who were tested again after resolution of their first symptomatic infection. AUC: area under the curve. #: symptomatic versus
asymptomatic; ": ex-symptomatic versus asymptomatic.
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asymptomatic children demonstrated different VOC profiles even when suffering from an identical

infection (rhinovirus).

Remarkably, VOC profiles did not normalise in children with rhinovirus-induced wheeze even after

recovery. This does not, however, demonstrate causality, as these findings may be interpreted in two ways.

First, children who wheeze in response to rhinovirus may have a different pre-existing, biological host

response compared with those who remain asymptomatic in the presence of rhinovirus in the airways.

Second, rhinovirus itself may induce a prolonged inflammatory response in those children with rhinovirus-

induced wheeze [4] possibly mediated through epigenetic changes [34]. Irrespective of the exact mechanism

histological studies have shown that children with respiratory wheeze already exhibit histological findings

suggestive of (developing) asthma [11]. Furthermore, a recent paper from the Childhood Origins of Asthma

and Copenhagen Studies on Asthma in Childhood cohorts demonstrated that children who experience

rhinovirus-induced wheeze and having a genetic variant of the 17q21 locus have a marked up regulation of

ORMDL3 and GSDMB, and an impressive odds ratio of 26.1 for the development of asthma [35]. We can

speculate that such genotype–environment interactions may contribute to the differences in VOC profiles

after symptomatic recovery established in this study.

Our study presents the potential of noninvasive biomarkers in studying a high-risk phenotype in the

development of asthma. In view of the established accuracy, the clinical relevance of our data is not

represented by potentially using an eNose as a diagnostic tool for rhinovirus-induced wheeze. However, our

data suggest that analysis of VOC can be used as a noninvasive measure of the host response to viral

infection both during acute symptoms and thereafter. Even though the mechanisms underlying the 10-fold

increased risk [6] of developing asthma after rhinovirus-associated wheeze remains to be established [5, 36],

these findings do indicate that this group of children may already be captured by an exhaled biomarker

fingerprint. These results may therefore be in line with recent findings showing that exhaled biomarkers

correlate with inflammatory subphenotype (sputum eosinophils) in asthma [17, 18]. Longitudinal follow-

up of the children in the present study, which is currently on-going, is necessary to establish the long-term

predictive potential of exhaled markers for the development of asthma, as recently established for GC-MS [37].

In conclusion, an acute episode of respiratory wheeze in preschool children affects exhaled VOC. This

appears to be a prolonged effect in children with rhinovirus-induced wheeze. Therefore, this composite,

exhaled biomarker fingerprint may reflect differences in airway pathophysiology underlying these children’s

10-fold increased risk of developing asthma. Our data raise the hypothesis that exhaled VOC have potential

as a noninvasive method of inflammometry in the monitoring of early signs of asthma.
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