
Feasibility of a new method to collect exhaled
breath condensate in pre-school children

Pre-school wheezing is reported in no less than
30% of children, and may indicate a trivial cold,
as well as an ongoing chronic lung inflammation,
such as asthma (1–3). Atopic asthma is associ-
ated with a cytokine pattern compatible with
predominant activation of the T helper (Th)-2
mediated immune response (4). However, in the
developing pre-school child, accurate assessment
of different wheezing phenotypes is currently
difficult (1–3). Moreover, proper diagnosis is
hampered by the current lack of a reliable routine
technique to assess different types of respiratory
inflammation in pre-school children. Ideally,
such a technique would be non-invasive, rapid
and easy to perform, without any risks, success-

ful at any age, standardized, sensitive, specific
and highly reproducible. The collection of
exhaled breath condensate (EBC) is a non-
invasive technique to obtain direct samples from
the lower respiratory tract, without disturbing an
ongoing inflammation (5, 6). In children, analysis
of EBC reveals the presence of various types of
inflammatory biomarkers (7, 8), including cyto-
kines (5, 6, 9–11).
Although general methodological recommen-

dations on EBC collection are published, there are
still unresolved questions, resulting in low
feasibility of EBC collection in (non-sedated)
pre-school children (6, 12–14). Main issues are:
(i) the variable efficacy of different condenser
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Exhaled breath condensate (EBC) is a promising non-invasive method
to assess respiratory inflammation in adults and children with lung
disease. Especially in pre-school children, condensate collection is
hampered by long sampling times because of open-ended collection
systems. We aimed to assess the feasibility of condensate collection in
pre-school children using a closed glass condenser with breath recircu-
lation system, which also collects the residual non-condensed exhaled
breath, and subsequently recirculates it back into the condenser. Con-
densate was collected before and after breath recirculation in 70
non-sedated pre-school children with and without recurrent wheeze.
Cytokines (IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-a) were
measured in 50 ll samples using ultrasensitive multiplexed liquid bead
array. The success rate of condensate collection increased from 64%
(without recirculation) to 83% (after breath recirculation), and mean
condensate volume from 214 to 465 ll respectively. Detection of cyto-
kines was successful in 95–100% of samples. Cytokine concentrations
before and after breath recirculation were not different (p > 0.232). In
asthmatic children, only TNF-a concentrations were significantly
decreased, compared to non-asthmatics. In pre-school children, the
collection of EBC is feasible using a new closed glass condenser with
breath recirculation system. This new method may help to assess – non-
invasively – cytokine profiles in asthmatic and non-asthmatic pre-school
children.
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coatings, (ii) the variable efficacy of open-ended
collection systems and (iii) the use of suboptimal
analytical techniques. At first, different condenser
coatings may each have different adhesive inter-
actions with a specific type of biomarker that is to
be measured in the collected condensate. There-
fore, the efficacy of different breath condenser
coatings, such as glass, polypropylene and Tef-
lon� (DuPont Inc., New Jersey, USA), was
studied (15, 16). The use of a newly developed
and optimized glass condenser was found to be
more efficient, in terms of the volume of EBC, and
the detection of cytokines and 8-isoprostane (15,
16). Secondly, all EBC collection systems have an
open-ended design. Inevitably, such a design is
associated with a variable non-standardized loss
of non-condensed exhaled breath. In turn, this loss
may contribute to unnecessarily prolonged EBC
collection times (from a toddler�s point of view), as
well as to (intra- and inter-subject) variability of
EBC dilution, and thus may influence subsequent
analysis (17, 18). Thirdly, feasibility of EBC is also
hampered by the use of suboptimal immunoassays
with questionable reproducibility, that often
require relatively too large sample volumes that
often cannot be collected in pre-school children
(18, 19).
Taken together, this has led us to make the

following methodological adjustments for the
purpose of this study in pre-school children: (i)
the introduction of a closed optimized glass
condenser designwith breath recirculation system,
which collects all non-condensed residual exhaled
breath, and subsequently recirculates it back into
the condenser (to optimize condensation and
minimize collection time) and (ii) the simultaneous
measurement of cytokines in the resulting EBC by
means of xMAP� technology (Luminex Corpo-
ration, Austin, TX, USA), an ultrasensitive
multiplexed liquid bead array that requires only
one small (50 ll) sample volume.Wehypothesized
that the combination of these methodological
adjustments enhances the feasibility of EBC
collection and analysis in pre-school children.
Therefore, the aim of the present study was to
assess the feasibility of EBC collection using a
modified closed glass condenser in non-sedated
pre-school children with and without wheezing.

Methods
Study subjects

Eligible pre-school children were recruited at the
paediatric outpatient department of the Orbis
Medical Center Sittard and the University
Hospital of Maastricht. Healthy pre-school chil-

dren were recruited based on a non-respiratory
indication for referral to the paediatric outpa-
tient department; the main indications were
routine follow-up of growth and development.
According to parent-completed questionnaires,
medical documents and information of the
responsible paediatric pulmonologist, children
were allocated to one of the following study
groups:

1 The doctor�s diagnosed atopic asthma group
characterized by: (i) recurrent wheezing (three
or more episodes of wheeze within the pre-
ceding 12 months or less), (ii) not �exclusively�
triggered by viral infections, (iii) with a doc-
umented history of a favourable corticosteroid
effect (clinical improvement, assessed and
documented by the child�s physician, after at
least 3 months of inhaled corticosteroid thera-
py, or after a short course of oral prednisone
therapy during a wheezy episode), (iv) positive
family history of atopy in the first degree
(parent or sibling with asthma, hay fever, food
allergy or eczema) and (v) atopy (positive
Phadiatop or radioallergo-sorbent test class
‡2, and/or elevated blood level of total
immunoglobulin-E). Current corticosteroid
maintenance therapy was not an obligatory
criterion.

2 The viral-triggered recurrent wheeze group
characterized by: (i) recurrent wheezing, (ii)
�exclusively� triggered by viral infections, (iii)
without a documented history of steroid
therapy, or with documented history of no
favourable corticosteroid effect and (iv) with-
out corticosteroid maintenance therapy in the
preceding 3 months. Lack of atopy was not an
obligatory criterion.

3 The healthy control group characterized by: (i)
the absence of recurrent wheezing and other
respiratory symptoms (including dyspnoea,
recurrent cough and signs of upper airway
infection), as excluded by means of stan-
dardized ISAAC questionnaires and (ii)
without a history of corticosteroid mainte-
nance therapy (20). Lack of atopy was not an
obligatory criterion.

4 The unclassifiable recurrent wheeze group con-
sisted of infants and toddlers with recurrent
wheezing, but not eligible for the asthmatic or
viral wheeze group. They participated only in
the feasibility study.

Overall exclusion criteria were cardiac disease,
anatomic or congenital defects of the airways or
lungs, syndromes, systemic disease and/or mental
retardation. Presumed inability to use a face
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mask did not preclude participation into this
study. Subject characteristics are shown in
Table 1.

EBC collection

This cross-sectional study comprised one at-
tempt, between wheezing episodes, to collect
EBC in a pre-school child. Precedingly, parents
received thorough instructions on the collection
procedure by one of the coaching childhood
asthma nurses and were asked to bring along the
child�s favourite cartoon, cd-song, booklet and/
or puppet.
EBC was collected using a modified closed

glass condenser system that was developed in
close collaboration with the department of
Instrument Development Engineering & Evalua-
tion (IDEE) of the Maastricht University (patent
number EP-07102586). The EBC collection sys-
tem consisted of an inclined and closed glass
condenser with a tube length of 90 cm (to enlarge
the condensation surface to 1046 cm2), a down-
wards moveable plunger (to optimize condensate
recovery from the inner wall of the condenser),
with tangential and axial breath flow channels (to
turbinately direct the tidal breath flows towards
the cooled inner condenser wall), and an unique
breath recirculation system, heated at 37�C
(Fig. 1). The breath recirculation system con-
sisted of heated tubing (to guide the non-
condensed residual exhaled breath, and to avoid
condensation outside the condenser tube), a
humidity sensor, a heated inert single use Ted-
lar� (SKC Ltd., Dorset, UK) gas sample bag (to
collect all non-condensed residual exhaled
breath) and a small ventilator system to recircu-

late the non-condensed residual exhaled breath
back into the cooled condenser system (to allow
secondary condensation of exhaled breath)
(Fig. 1). The connecting tubing was made of

Table 1. Characteristics of 70 pre-school children, allocated to one of the four study groups, based on parent-completed questionnaires and available medical
documents

Study group Atopic asthma Viral wheezing Healthy control Unclassifiable wheezing

Number� 23 (33%) 22 (31%) 20 (29%) 5 (7%)
Age (months)� 31 (21–40)* 28 (21–37)* 13 (8–26)* 25 (22–37)
Male/female 13/10 17/5 12/8 2/3
Weight (kg)� 14 (12–15)** 13 (12–14)** 11 (8–13)** 12 (11–14)
Z-score weight� 0 [()1.0)–0.4] 0 [()1.5)–1.0] 0 [()0.6)–0.5] 0 [()0.5)–0.5]
Height (cm)� 95 (84–98) 94 (81–98) 85 (70–93) 92 (80–95)
Z-score height� 0.0 [()0.5)–1.0] )0.3 [()1.0)–1.1] 0.5 [()1.0)–1.1] )1.0 [()2.0)–0.0]
Elevated serum IgE,

or positive RAST ‡ class 2�
23 (100%) 4 (18%) 0 (0%) 2 (40%)

Current use of steroids� 15 (65%) – – 5 (100%)
Inhaled steroid dose� 400 (300–400) – – 400 (200–400)

IgE, immunoglobulin-E; RAST, radioallergo-sorbent test; Steroids, inhaled corticosteroids (and one subject in the atopic asthma group also used a short course of oral
prednisone).
*p = 0.012 (multiple comparisons, Hochberg correction); **p = 0.046 (multiple comparisons, Hochberg correction).
�Absolute number (%).
�Median (IQR).

Fig. 1. Schematic representation of the new closed glass
condenser system, that enabled condensate collection in
pre-school children before and after breath recirculation.
1. Inclined and closed glass condenser, and downwards
moveable plunger with tangential and axial breath flow
channels. 2. Swan-neck tubing, two-way nonrebreathing
valve, and face mask with separated nose and mouth cavity.
3. Entrance of inspired room air. 4. Cooling unit consisting
of a counter-current circulating ice-water pump. 5.
Removable glass sample vial, to collect exhaled breath
condensate. 6. Heated (at 37�C) tubing, to guide the residual
noncondensed exhaled breath. 7. Humidity sensor and
heated (at 37�C) inert Tedlar� gas sample bag. 8. Small
ventilator system to recirculate the residual noncondensed
exhaled breath back into the condenser system.
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Hytrel� thermoplastic polyester elastomer (Du
Pont Plastics, Mechelen, Belgium). The total
expiratory resistance of the condenser system
with breath recirculation was 2.7 cmH2O/l/s at a
flow of 50 l/min, and 1.9 cmH2O/l/s at a flow of
30 l/min. The glass condenser was cooled using a
counter-current circulating ice-water pump. The
cooling temperature was preset at 0�C (Fig. 1).
The child exhaled tidally, as long as possible,

through a face mask which separated air from
mouth and nasal cavity, and with a two-way non-
rebreathing valve (8900 paediatric sizes oro-nasal
masks; Hans Rudolph Inc., Kansas City, MO,
USA), connected to the glass condenser system
by means of a swan-neck tubing (with a length of
38 cm; and serving as gravitational saliva trap).
The Hans Rudolph face mask with separated
mouth and nasal cavity (which occludes the nasal
air flow) was used to sample exhaled breath only
from the child�s oral cavity (6). It simultaneously
served as an alternative noseclip to limit the loss
of exhaled air through the nose, and to prevent
accidental inhalation–exhalation through the
nose during sample collection (6). During the
condensation process, the formerly lost and non-
condensed exhaled breath was separately being
collected in the gradually inflating inert Tedlar�
gas sample bag. When the child refused to
proceed and/or started to cry, the procedure
was stopped and EBC was collected by pushing
the plunger downwards. Subsequently, the plun-
ger was pulled up again, and the separately
collected exhaled breath was recirculated from
the Tedlar� gas sample bag back into the
condenser system, to perform a secondary breath
condensation. The non-condensed exhaled
breath was passed again and again through the
condenser until the degree of humidity was
£ 22%.
Before and after each EBC collection proce-

dure, the respiratory statuswas checked by using a
clinical asthma score (skin colour changes, breath
sounds including coughing and wheeze, breathing
rate, retractions and level of alertness). To
improve the toddler�s coping with distress from
the unfamiliar procedure, they were distracted
while breathing tidally through a facemask. We
primarily combined strict parental cooperation,
with an age-appropriate cartoon, that was already
started prior to entrance. In case of imminent
failure to cope, a more active strategy was used on
parent�s advice, including children�s stories, pup-
petry and/or children�s songs.
EBC collection was defined successful when at

least 60 ll of condensate was produced, com-
prising the minimal required volume of 50 ll to
perform one multiplexed cytokine analysis, and

an additional 10 ll to compensate for loss
because of sample handling.
After each procedure, the Hans Rudolph face

mask and two-way non-rebreathing valve were
cleaned with Cidex OPA Solution (Advanced
Sterilization Products, Johnson & Johnson Med-
ical BV, Amersfoort, the Netherlands). The non-
disposable tubing (Tefa Portanje, Woerden, the
Netherlands) and the glass condenser were dis-
connected, rinsed repeatedly with bi-distilled
water and subsequently dried at room air. The
non-disposable parts of the heated recirculation
system were disconnected, rinsed repeatedly with
bi-distilled water and alcohol and subsequently
dried at room air.

Condensate sample processing

Immediately after collection, condensate samples
were snap-frozen at )78�C using dry ice and
stored at )80�C. Analysis was performed within
3 months from sampling time. Cytokines in EBC
were measured in duplicate using a liquid bead
array multiplexing system or xMAP� technol-
ogy (Luminex Corporation). Multiplex immuno-
assay was performed as described previously,
to measure the following cytokines (with corre-
sponding lower limits of detection): interleukin
(IL)-4 (1.2 pg/ml), IL-5 (1.2 pg/ml), IL-6
(2.4 pg/ml), chemokine IL-8 (2.9 pg/ml), IL-10
(2.3 pg/ml), IL-12p70 (1.2 pg/ml), IL-13 (1.0 pg/
ml) and tumour necrosis factor-alpha (TNF-a,
1.3 pg/ml) (21–23). Measurement and data ana-
lysis were performed using the Bioplex 100
system and Bioplex Manager software version
3.0 (Bio-Rad Laboratories, Hercules, CA, USA).
All multiplex immunoassays were performed in
96 well format 1.2 lm filter bottom plates
(Millipore, Amsterdam, the Netherlands) and a
12-point standard curve in duplicate was in-
cluded on every plate. To minimize interassay
variation, positive and negative control samples
were included. The intrasubject variability of
cytokines in EBC was assessed in seven children,
aged 2–3 yr, with recurrent wheeze, as follows:
at t = 0 and 30 min, 100 ll of condensate
was collected using the closed glass condenser
system. The short-term intrasubject variability
was expressed as the coefficient of variation (s.d./
mean · 100%).

Statistics

Statistical calculations were performed using spss

11.5 (SPSS Inc., Chicago, IL, USA). Normally
distributed data were expressed as mean and
standard deviation The Student�s t-test was used
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to test for differences among dependent, paired
or repeated samples. Pearson�s correlation coef-
ficients were used to assess the degree of associ-
ation between two normally distributed
variables. anova was used to test for differences
among normally distributed variables for more
than two study groups.
Not normally distributed data were expressed

as median with interquartile ranges (IQR). The
Wilcoxon-signed rank test was used to test for
differences among not normally distributed
paired data, whereas the Mann–Whitney U-test
was used for unpaired data. Spearman�s rank
correlation coefficients were used to assess the
degree of association between two not normally
distributed variables. The Kruskal–Wallis test
was used to test for differences among non-
normal variables for more than two study
groups. The Hochberg correction for multiple
comparisons was applied. The chi-squared
test was used to evaluate the distribution of
categorical variables (number of occurrences) in
four study groups.

Power calculation

Assuming a success rate of 80%, the standard
error of feasibility is 5.1% using n = 60 subjects.
This was considered sufficiently accurate for the
purpose of this study.

Ethics

This study was approved by the Medical Ethics
Committee of the University Hospital of Maas-
tricht and the Orbis Medical Center Sittard. All
parents gave written informed consent.

Results
Feasibility of EBC collection

A total number of 70 pre-school children parti-
cipated. Feasibility of the new EBC collection
method in pre-school children is shown in
Table 2. Before breath recirculation, the mean
duration of EBC collection was 11 min
(s.d. = 6), the mean EBC volume was 214 ll
(s.d. = 208) and the success rate was 64% in
these pre-school children. After breath recircula-
tion, the mean EBC volume was 347 ll
(s.d. = 339). In total, the mean collected EBC
volume was 465 ll (s.d. = 385). The success rate
of EBC collection with breath recirculation was
83% in these pre-school children, but differed
significantly between the four study groups
(p < 0.001, v2 test).
In the healthy group, the mean duration of

EBC collection was 7 min, and mean EBC
volume before breath recirculation was 113 ll,
whereas both were significantly decreased com-
pared to the asthmatic and viral wheeze group
(p < 0.031, anova). A younger age significantly
correlated with less duration of EBC collection
(R = 0.481, p < 0.001, Spearman�s correlation
coefficient). A duration of EBC collection time of
10 min or more, was associated with successful
EBC collection before breath recirculation. In
due course of the collection procedure, the
cooling temperature slightly rised from 0.00�C
to a median of 2.15�C (IQR = 0.90–4.85) at the
end of EBC collection.
Four children refused to start because of

sudden anxiety, associated with insufficient
parental stimulation and/or recent ear–nose–
throat surgery (adenoidectomy, tonsillectomy

Table 2. Feasibility of exhaled breath condensate (EBC) collection, before and after breath recirculation in 70 pre-school children

Study group Atopic asthma Viral wheezing Healthy control Unclass wheezing p-value

Number* 23 (33%) 22 (31%) 20 (29%) 5 (7%) –
Age (months)� 31 (21–40) 28 (21–37) 13 (8–26) 25 (22–37) 0.012
Before breath recirculation

Duration of collection (min)� 13 (6) 13 (5) 7 (4) 14 (7) 0.004
EBC volume (ll)� 199 (169) 291 (223) 113 (168) 320 (295) 0.031
Success rate* 15 (65%) 20 (91%) 6 (30%) 4 (80%) 0.241

After breath recirculation
EBC volume (ll)� 438 (408) 298 (239) 271 (337) 513 (301) 0.385

Total (before and after breath recirculation)
EBC volume (ll)� 491 (444) 447 (354) 383 (372) 730 (223) 0.351
Success rate* 17 (74%) 21 (95%) 15 (75%) 5 (100%) <0.001

EBC collection was defined successful when at least 60 ll of condensate was yielded. The unclassifiable (unclass) recurrent wheezing group was excluded for
statistical analysis for reasons of disproportionality.
*Absolute number (percentage).
�Median (IQR).
�Mean (s.d.).
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and/or myringotomy with insertion of tympanos-
tomy tube). Distraction during EBC collection
was achieved by combined parental cooperation
(86%) and watching age-appropriate cartoons
(76%), listening to children�s stories (36%), using
puppetry (15%) and/or listening to children�s
songs (12%). The Hans Rudolph face mask
was applied in 60 children, whereas five preferred
the babyhaler� (GlaxoSmithKline BV, Zeist, the
Netherlands) and one the nebuchamber� (Astra-
Zeneca BV, Zoetermeer, the Netherlands)
face mask. Two collection procedures were
not successful because of leakage of exhaled
breath from defective Tedlar� gas sample bags.
Neither adverse effects on respiration, nor other
side-effects were seen during the collection
procedures.

Cytokine measurements before and after breath recirculation

Paired EBC samples were taken from the
condensate volume collected before breath
recirculation, and from the condensate volume
collected after the breath recirculation manoe-
uvre, separately. Table 3 shows the detection
and concentration of IL-4, IL-5, IL-6, IL-8,
IL-10, IL-12p70, IL-13 and TNF-a in EBC
collected before, as well as after breath recir-
culation, in 45 pre-school children. The detec-
tion of cytokines in EBC was successful in
95–100% of the collected 50 ll condensate sam-
ples. There was no statistical difference between
cytokine concentrations before and after breath
recirculation (p > 0.117, Wilcoxon-signed rank
test).
The coefficients of variation of the short-term

intrasubject variability were 13.9% for IL-4,
14.3% for IL-5, 20.0% for IL-6, 33.3% for IL-8,
14.3% for IL-10, 14.3% for IL-12p70, 8.7% for
IL-13 and 3.7% for TNF-a.

Cytokines in subgroups with and without wheeze

For further cytokine analysis between the differ-
ent study groups, the separately collected con-
densate samples before as well as after breath
recirculation in each subject, were considered as
one donor series. For reasons of disproportion,
data of the children that did not use the Hans
Rudolph face mask (with separated mouth and
nasal cavitiy) were excluded. Between the asth-
matic (n = 17), viral wheeze (n = 21) and
healthy (n = 10) group, the median cytokine
concentrations of IL-4, IL-5, IL-6, IL-8, IL-10,
IL-12p70 and IL-13 did not differ (data not
shown), whereas the median concentration
of TNF-a was significantly decreased in the
asthmatic group [median = 38.8 pg/ml (IQR =
37.1–41.3) in asthma, 43.1 pg/ml (IQR = 40.2–
46.1) in viral wheeze and 40.9 pg/ml
(IQR = 39.7–41.9) in healthy controls, respec-
tively] (p = 0.018, Kruskal–Wallis). Only a weak
correlation existed between age and cytokine
concentrations ()0.120 < R < 0.392, Spear-
man�s correlation coefficient).
In atopic asthmatic children, inhaled corticos-

teroids did in general not influence cytokine
levels in EBC, with one exception: TNF-a
concentrations were significantly lowered in chil-
dren with inhaled corticosteroid therapy,
compared with steroid naı̈ve children (med-
ian = 37.1 pg/ml vs. 41.7 pg/ml, respectively)
(p = 0.013, Mann–Whitney U-test).
When asthmatic and non-asthmatic (viral

wheeze and healthy) children were compared,
TNF-a concentrations in the asthmatic group
(median = 38.8 pg/ml, IQR = 37.1–41.3) were
significantly decreased vs. non-asthmathic chil-
dren (median = 41.7 pg/ml, IQR = 40.2–45.4)
(p = 0.013, Mann–Whitney U-test) (Table 4,
Fig. 2a). The ratios of IL-5/TNF-a and IL-13/

Table 3. Detection (%) and concentration (pg/ml) of cytokines in exhaled breath condensate (EBC) collected before and after breath recirculation in 45 pre-school
children

EBC

Before breath recirculation After breath recirculation

p-value
Wilcoxon-signed rank Lower limit of detection (pg/ml)Detection %

pg/ml
Median (IQR) Detection %

pg/ml
Median (IQR)

IL-4 100 2.1 (1.7–2.4) 100 2.2 (1.7–2.6) 0.346 1.2
IL-5 98 16.7 (16.7–18.3) 97 16.7 (16.7–18.3) 0.278 1.2
IL-6 96 3.3 (2.5–3.4) 95 2.9 (2.9–3.3) 0.611 2.4
IL-8 100 3.9 (3.4–4.4) 100 4.4 (3.9–5.0) 0.117 2.9
IL-10 98 4.7 (4.5–5.2) 100 4.7 (4.7–5.2) 0.455 2.3
IL-12p70 100 3.4 (3.4–3.8) 100 3.4 (3.4–3.7) 0.301 1.2
IL-13 100 8.5 (7.6–9.4) 100 8.5 (8.0–9.4) 0.603 1.0
TNF-a 96 40.9 (39.0–44.8) 95 40.9 (37.1–43.2) 0.746 1.3

IL, interleukin; IQR, interquartile range; TNF, tumour necrosis factor.
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TNF-a in the asthmatic group (median = 0.46,
IQR = 0.42–0.52; median = 0.24, IQR= 0.20–
0.26, respectively) were significantly higher
compared with non-asthmatic children (median
= 0.40, IQR = 0.38–0.47; median = 0.20, IQR
= 0.18–0.23, respectively) (p = 0.018 and 0.034,
respectively, Mann–Whitney U-test) (Table 4,
Fig. 2b,c).

Discussion

We report an enhanced feasibility of EBC collec-
tion in pre-school children with and without
wheezing, using a novel closed glass condenser
with breath recirculation system, and using mul-
tiplexed liquid bead array: (i) the overall success
rate increased from 64% to 83%, and the mean
EBC volume increased from 214 to 465 ll, indi-
cating that breath recirculation indeed improved
the feasibility of EBC collection, (ii) the detection
of cytokine profiles in 50 ll EBC was successful in
95–100% of the collected samples, (iii) similar
cytokine concentrations were found in EBC
collected before as well as after breath recircula-
tion and (iv) in the atopic asthmatic group, only
TNF-a concentrations in EBC were significantly
decreased, compared with pre-school children
with viral wheeze and healthy controls.
We simultaneously introduced novel tech-

niques to optimize the condensation process
(see Fig. 1), and to improve small condensate
sample analysis, in non-sedated pre-school chil-
dren with and without recurrent wheezing.
Cumulatively, this new closed glass collection

Table 4. Cytokine profile in exhaled breath condensate (EBC) in 48 doctor�s
diagnosed atopic asthmatic and non-asthmatic pre-school children (consisting
of the viral-triggered recurrent wheezing group and healthy control group)

EBC

Doctor�s
diagnosed

atopic asthma

Non-asthmatic
pre-school

children
p-value
(MWU)

Lower limit
of detection

(pg/ml)

Number 17 31 – –
TNF-a* 38.8 (37.1–41.3) 41.7 (40.2–45.4) 0.013 1.3
IL-5/TNF* 0.46 (0.42–0.52) 0.40 (0.38–0.47) 0.018 –
IL-13/TNF* 0.24 (0.20–0.26) 0.20 (0.18–0.23) 0.034 –
IL-4* 2.1 (1.9–2.5) 2.0 (1.7–2.5) NS 1.2
IL-5* 17.5 (16.1–19.1) 16.7 (15.9–18.3) NS 1.2
IL-6* 3.3 (2.8–3.6) 3.1 (2.7–3.5) NS 2.4
IL-8* 4.2 (3.9–5.0) 4.2 (3.9–4.5) NS 2.9
IL-10* 4.7 (4.5–5.9) 5.0 (4.7–5.2) NS 2.3
IL-12p70* 3.6 (3.4–4.0) 3.4 (3.4–3.7) NS 1.2
IL-13* 9.0 (8.0–9.9) 8.5 (7.6–9.4) NS 1.0

IL, interleukin; MWU, Mann–Whitney U-test; NS, not significant; TNF, tumour
necrosis factor.
*Median (IQR).

(a)

(b)

(c)

TNF in  AA versus nonA

IL5 to TNF ratio in AA versus nonA

IL13 to TNF ratio in AA versus nonA

Fig. 2. (a,b,c) T helper 2/T helper 1 cytokine profiles in
exhaled breath condensate in doctor�s diagnosed atopic
asthmatic (AA) and non-asthmatic (non-A) pre-school
children. (a) Condensate TNF-alpha concentration was
significantly decreased in the doctor’s diagnosed atopic
asthmatic group (median 38.8 pg/mL, IQR 37.1–41.3)
compared to nonasthmatic (median 41.7 pg/mL, IQR 40.2–
43.4) preschool children (p = 0.013, MWU). (b) Con-
densate IL-5/TNF-alpha ratio was significantly increased in
the doctor’s diagnosed atopic asthmatic group (median
0.46, IQR 0.42–0.52) compared to nonasthmatic (median
0.40, IQR 0.38–0.47) preschool children (p = 0.018,
MWU). (c) Condensate IL-13/TNF-alpha ratio was sig-
nificantly increased in the doctor’s diagnosed atopic asth-
matic group (median 0.24, IQR 0.20–0.26) compared to
nonasthmatic (median 0.20, IQR 0.18–0.23) preschool
children (p = 0.034, MWU). IL, interleukin; IQR, inter-
quartile range; MWU, Mann Whitney U test; TNF, tumor
necrosis factor.
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method with breath recirculation resulted in an
overall success rate of 83%, compared with 64%
when using the �usual� (without or before breath
recirculation) procedure and in a mean total EBC
volume of 465 ll. In the literature on EBC in pre-
school children, Moeller et al. (14) proposed a
method to collect, both orally and nasally, a
median EBC volume of 282 ll, using two
disposable Plastipak syringes (BD Plastipak,
Franklin Lakes, NJ, USA), in tidal breathing
infants, however, during sedated sleep and
without assessment of markers in the collected
condensate. Griese et al. presented a nasal poly-
propylene collection system with air suction
pump, to measure hydrogen peroxide and
8-isoprostane, and reported 85 ll/min of nasally
collected EBC in healthy children aged 4 wk to
18 yr, however, with contamination by nasal
secretions (24, 25). The present study reports a
correlation between age and duration of EBC
collection, which is in accordance with the
significantly increased volume of collected EBC
with age, reported by both Moeller et al. (14) and
Griese et al. (24). Irrespective of the duration of
EBC collection, breath recirculation allowed
condensation of the totally exhaled breath vol-
ume within the closed glass system, in contrast to
maximally 30% condensation using the open-
ended nasal suction system of Griese et al. (24,
25), and in contrast to the open-ended non-
standardized EBC collection techniques that are
available for use in older children and adults,
and, that all have a variable loss of non-
condensed exhaled breath, as condensation does
not immediately occur, and as condensation does
not continue once the surface is saturated (5, 6,
26–29). Hence, our concept of breath recircula-
tion enabled not only the collection of an
increased volume of EBC, but also, in the
younger toddlers, with limited cooperation in
time (often less than 10 min), and often not
familiar with the (repeated) use of a face mask,
breath recirculation was often crucial to yield a
minimal but sufficient volume of condensate.
Furthermore, cytokine concentrations in EBC
collected before breath recirculation, and
after breath recirculation did not differ signifi-
cantly, demonstrating that condensate cytokine
concentrations were not affected by the
breath recirculation process and illustrating an
efficiency to generate additional and equivalent
condensate.
We acknowledge that we cannot exclude a

possible influence of the observed small rise in
cooling temperature, during the collection proce-
dure. Furthermore, we acknowledge that the use
of a face mask without partitioning (mouth–nose)

in six out of 66 children, is less ideal, although we
did not find a statistical influence on the volume of
EBC, or the condensate cytokine concentrations
(p ‡ 0.296 and 0.188, respectively, unpaired
t-test). In the present study, we did not compare
several other collecting devices. The following
reasons have led us to decide not to include other
devices. At first, pre-school children might have
refused to proceed with again another test, which
would have biased feasibility. Secondly, we
recently demonstrated, in adults, that an open-
ended prototype of the glass condenser without
breath recirculation yielded significantly more
EBC volume (median = 2025 ll), compared with
three other condensers (e.g. the EcoScreen� (Erich
Jaeger GmbH, Hochberg, Germany) yielded
1237 ll), and the glass coating was associated
with significantly more detections of IL-2, IL-4,
IL-5, IL-13 and TNF-a in EBC (15, 16). In pre-
school children, the feasibility of EBC collection
using the most efficient condenser, i.e. the open-
ended glass prototype, or, in other words, the
condenser without breath recirculation was 64%.
Hence, we did not find it appropriate to include
other, less optimal condensers in these children as
this would have resulted in an efficiency even lower
than 64%, based on the comparative study in
adults (16). However, to further increase the
feasibility, the condenser was equipped with the
breath recirculation system, which further in-
creased success rate up to 83%, whereas, cytokine
concentrations before and after breath recircula-
tion did not differ significantly, indicating no
additional loss of cytokines in the recirculation
system.
Multiplexed liquid bead array was used to

measure cytokines more accurately in only 50 ll
sample volumes of EBC. The detection level of
cytokines was high, ranging from 95% to 100%.
Multiplexed liquid bead array is based on flow
cytometry and microspheres (with faster and
more reproducible liquid reaction kinetics, than
solid planar assays), and allows multiplexing of
up to 100 assays within one sample (21). Reasons
to introduce this technique were: (i) lack
of sensitivity of conventional enzyme-linked
immunosorbent assays to detect cytokines in
200–500 ll EBC and (ii) variable level of simul-
taneous cytokine detection by cytometric bead
array ranging from 0% to 25% in 50 ll EBC in
children and 3–100% in 1000–2000 ll lyophilized
EBC in adults (10, 30, 31). When compared with
conventional assays, multiplexed immunoassays
are highly sensitive and specific, detect bioactive
and inactive molecules, are rapid [hours instead
of day(s)], have good (but not yet excellent)
precision with coefficients of variation ranging
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from 10% to 15%, are not interfered by drugs,
have a simple protocol, require small sample
volumes and allow simultaneous detection (21).
In pre-school children with different wheezing

phenotypes, the central issue consists of finding
a non-invasive measure to identify underlying
(persisting) airway disease, such as atopic
asthma. In contrast to pre-school children with
viral wheeze and healthy children, atopic asthma
is characterized by a predominantly Th2-medi-
ated chronic eosinophilic airway inflammation
(1, 4). Statistical analysis only revealed a signif-
icantly decreased TNF-a in EBC in the atopic
asthmatic group, compared with viral wheeze
and healthy controls. Steroid-treated atopic asth-
matic children had lowered levels of TNF-a in
EBC. This is in accordance with studies on
bronchial biopsies in atopic asthmatic inflamma-
tion showing significantly decreased levels of
TNF-a after 8 wk of budesonide treatment (32).
The other EBC cytokine levels measured in the
present study were similar in all subject groups,
and were close to, but not below the lower limits
of detection, in contrast to the few published
data in older children and adults (11, 31, 33). As
supported by the findings of Shahid et al. (11),
who reported increased levels of IL-4 and
decreased IFN-c in EBC in asthmatic children,
the ratio�s of IL-5/TNF-a and IL-13/TNF-a in
EBC in our study were significantly increased in
the asthmatic group, compared with non-asth-
matics. However, the difference between these
fractions of IL-5 and IL-13 to TNF-a was mainly
caused by the lowered levels of TNF-a in EBC in
asthmatic pre-school children. Obviously, further
evaluation of repeated cytokine profile measure-
ments in distinct wheezing phenotypes is war-
ranted. Finally, we speculate that the proposed
method of EBC collection may open a new
window of opportunities in paediatric research,
as it may allow non-invasive inflammatory pro-
filing in non-sedated pre-school children.
In conclusion, we demonstrated the feasibility

of EBC collection in non-sedated pre-school
children with and without wheezing illness using
a novel closed glass condenser with breath
recirculation system. Multiplexed liquid bead
array enabled more accurate cytokine measure-
ment in only small EBC sample sizes. The
presented method may help to assess – non-
invasively – cytokine profiles in asthmatic and
non-asthmatic pre-school children.
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