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ABSTRACT: The aim of this study was to compare two different methods, tidal
breathing (TB) and single-breath (SB), for measuring fractional exhaled nitric oxide
(FENO) in infants.

FENO was measured in 71 infants with either recurrent wheeze (n=32), recurrent
cough (n=16) or no symptoms (healthy, n=23) using both methods. For TB
measurements five breaths were collected into a gas sampling bag (off-line reservoir
sampling). The SB method was modified from the raised volume rapid thoraco-
abdominal technique. Agreement between the two methods was investigated and both
methods were used to compare FENO in infants with and without symptoms.

Flow dependence of SB FENO was demonstrated using two expiratory flows (11 and
40 mL?s-1). There was a moderate correlation (r=0.60) but poor agreement between
levels using the TB and SB methods. A significant difference in FENO between healthy
children and children with wheeze was found using the SB but not the TB method.

Due to lower expiratory flow and reduced nasal nitric oxide contamination the single-
breath technique may be more sensitive than the tidal breathing method for detecting
differences in exhaled nitric oxide between infants with and without respiratory
symptoms.
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Measuring exhaled nitric oxide (NO) (fractional exhaled
nitric oxide (FENO)) is a simple, noninvasive test that is
thought to reflect eosinophilic airway inflammation [1]. There
have been suggestions that FENO may be useful for the
monitoring and management of asthma [1]. As most child-
hood asthma begins in infancy [2] FENO may provide a tool
to identify infants who wheeze due to asthma [3]. Indeed,
BARALDI et al. [4] showed that FENO measurements were
raised in acutely wheezing infants and reduced to normal after
inhaled steroid treatment, while the current authors have
previously reported increased FENO in clinically stable
infants with a history of wheeze [5]. Conversely, RATJEN

et al. [6] reported that FENO was reduced in infants who
presented with first-time wheezy bronchitis. These findings
suggest that FENO may be able to differentiate between viral-
induced and recurrent wheezing in infants.

In infants FENO has been measured during tidal breathing
(TB) [4, 6, 7] as well as using a modified single breath (SB)
technique [5]. As infants are unable to actively cooperate with
breath collections TB measurements seem to offer the
simplest way to measure FENO in this age group. However,
various important methodological issues, such as expiratory
flow and nasal NO contamination, cannot be controlled
during TB. The SB method controls for flow and excludes
nasal NO contamination, however, it requires the child to be
sedated and can only be performed with specialised equip-
ment. The aim of the present study was to compare FENO in
wheezy and healthy infants using both TB and SB methods.
The current authors hypothesised that there would be a poor
agreement but a good correlation between levels collected

using the two methods. Furthermore, since most populations
of wheezy infants are heterogenous and only a proportion are
likely to have asthma, the authors hypothesised that, due to
lower expiratory flows and reduced nasal NO contamination
with the SB technique, it would be more sensitive than the TB
method to detect a group mean shift in FENO.

Methods

Subjects and protocol

A total of 23 healthy and 32 recurrent wheezy infants had
FENO measured using both TB and SB techniques. Infants
were classified as recurrent wheezers if they had a history of three
or more episodes of wheeze or wheezing on most days for
w1 month. A third group of 16 infants whose parents reported
on-going problems of cough or rattle, without colds, was also
included in the study. All of these children were well at the
time of testing. Details of all infants are presented in table 1.

Infants were assessed clinically prior to testing and parents
completed a questionnaire to gather information on the
infants9 history of respiratory symptoms, as well as a family
history of allergy. Infants underwent measurements of lung
function, TB and SB FENO. Lung function was assessed using
the raised volume rapid thoraco-abdominal compression tech-
nique [8]. Infants were studied in the supine position, asleep
following an oral dose of chloral hydrate (60–100 mg?kg-1).
Tidal FENO was always collected first and SB FENO

measured prior to lung function measurements. Written
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informed consent was obtained from the parents and the
study was approved by the Medical Ethics Committee of the
Princess Margaret Hospital for Children.

Exhaled nitric oxide measurements

Exhaled NO was measured using a chemiluminescence
analyser (NOA 280; Seivers Instruments Inc., Boulder, CO,
USA). The sensitivity of the analyser for measurement of gas
phase NO is v1 ppb by volume. The sampling flow into the
analyser was 200 mL?min-1. Before each test the analyser was
calibrated using a 2 point calibration, zero and 50 ppm NO
(BOC Gases, Perth, Australia), according to the manufac-
turers9 instructions.

Tidal breathing method (off-line). Exhaled NO during TB
was measured using an off-line reservoir collection technique.
Five tidal breaths were collected into a gas sampling bag
(GaSampler; Quintron Instrument company, Milwaukee, WI,
USA) via a nonrebreathing valve (U-adapit "T" Adaptor;
Allegiance Healthcare Corp., IL, USA) attached to a face
mask. The authors have previously demonstrated that there is
no difference in NO levels measured from either the mouth or
the nose of sleeping infants [9], therefore all measurements were
made with the mask covering both the mouth and nose. If
ambient NO levels exceeded 5 ppb the infant inspired NO free
air from a Douglas bag connected to the inspiratory limb of the
nonrebreathing valve.

Single breath method. The SB technique has been described
previously [5]. Briefly, an inflatable jacket was wrapped around
the infant9s chest and abdomen. Lung volume was then raised
to an inflation pressure of 20 cmH2O using a fan pump
connected to a face mask via a computer-controlled circuit
(Inflate-all; Coleman Inc., Wicket, KS, USA). Three con-
secutive inflation cycles were used and at the end of the third
inhalation the jacket was inflated manually using a 3 L
calibration syringe (Model No. 5530; Hans Rudolph Inc.,
Kansas City, MO, USA). During exhalation a mouth pressure
of 20 cm H2O was maintained to achieve a constant flow.
Immediately prior to jacket inflation an intravenous cannula
(Insyte 16 or 22Ga; Becton Dickinson, Salt Lake City, UT,
USA) was inserted into the expiratory limb of the system to
increase expiratory resistance. A plateau ofo0.5 s after ao2 s
exhalation was accepted.

In 26 infants measurements were made with an expiratory
flow of both 11 and 40 mL?s-1. Flow was adjusted by

changing the expiratory resistance while maintaining constant
mouth pressure (20 cmH2O). To achieve a flow of 11 mL?s-1 a
22Ga canula (Insyte; Becton Dickinson) was used as an
expiratory resistance, while a 16Ga cannula (Insyte; Becton
Dickinson) was used to obtain a flow of 40 mL?s-1.

Statistical analyses

Both TB [9] and SB [10] FENO have demonstrated a
lognormal distribution so the data was transformed prior to
analyses. The paired t-test and Pearson9s correlation were used
to compare FENO between the two SB expiratory flows (11
and 40 mL?s-1). Agreement between TB and SB levels was
investigated using a Bland and Altmann plot [11] and
Pearson9s correlation. The Bland and Altmann plot revealed
that the difference between the values increased with the mean
so the analysis was repeated with the log transformed data.
The effect of health status on FENO was investigated using a
multiple linear regression model. Variables included in the
model were health status, sex, age, height, weight, doctor-
diagnosed eczema and parental smoking. Transformed FENO

levels were used as the outcome variable. Factors were removed
in a stepwise fashion if they were not significant at the 0.05
level. A separate model was constructed for FENO collected
with each of the two methods. Exhaled NO levels are reported
as geometric mean with 95% confidence intervals (95% CI).

Results

Flow dependence of single breath method

Geometric mean (95% CI) FENO for expiratory flows
of 11 and 40 mL?s-1 were 26.6 ppb (20.0–35.3 ppb) and
19.9 ppb (15.5–25.4 ppb), respectively. There was a significant
difference (pv0.0001), and a good correlation (r=0.96)
between these levels. Exhaled NO levels at 11 mL?s-1 were
consistently higher than levels measured with a flow of
40 mL?s-1 (fig. 1).

Comparison of single breath and tidal breathing methods

There was poor agreement between FENO obtained using
the two techniques (fig. 2). Measurements obtained by the SB
method were generally higher than levels collected during TB.
The mean difference between the measurements was -0.31 and

Table 1. – Subject characteristics

Healthy Coughers Wheezers

Subjects n 23 16 31
M/F 12/11 10/6 24/7
Age weeks 40.1 (21.2) 54.9 (23.3) 52.9 (24.3)
Height cm 71.7 (5.7) 75.7 (6.4) 75.0 (6.3)
Weight kg 8.9 (1.6)# 10.2 (1.4) 10.3 (2.0)
FEV0.5 mL?s-1 179.2 (42.6) 186.9 (49.9) 173.7 (36.9)}

SB FENO ppb 23.2 (18.3–29.4)z 27.9 (21.1–37.1) 32.9 (26.1–41.6)
TB FENO ppb 13.8 (10.4–18.3) 12.6 (8.0–20.0) 15.6 (13.1–18.5)

Data are presented as mean (SD) or geometric mean (95% confidence
interval) unless otherwise stated. M: male; F: female; FEV0.5: forced
expiratory volume in 0.5 seconds; SB FENO: single breath fractional
exhaled nitric oxide; TB FENO: tidal breathing exhaled nitric oxide.
#: significantly lower than both wheezy and coughing groups (p=0.02);
}: significantly lower than healthy group after controlling for age
(p=0.01); z: significantly lower than wheezy group (p=0.01).
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Fig. 1. – Comparison of fractional exhaled nitric oxide (FENO) values
measured with two different expiratory flows (r=0.96).
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the limits of agreement were -0.82–0.2. TB levels were on
average half SB levels with 95% of TB values ranging between
-84.8% and z59.6% of SB values (fig. 2). SB FENO was
significantly higher than TB levels for the whole group, as well
as for each of the subgroups (healthy, wheezing or coughing). SB
and TB values were significantly correlated (r=0.60, pv0.0001).

Exhaled nitric oxide and wheeze

For SB measurements there was a significant difference in
FENO between healthy and wheezy children (fig. 3a). Geo-
metric mean levels (95% CI) were 23.2 ppb (18.3–29.4 ppb)
for healthy infants, 27.9 ppb (21.1–37.1 ppb) for infants with
cough and 32.9 ppb (26.1–41.6 ppb) for wheezy infants
(difference between healthy and wheezy infants p=0.01).
FENO was significantly higher in females compared with
males in this model (1.27-fold increase, p=0.04). There was no
significant difference between healthy, wheezy or coughing
children for TB values (fig. 3b). Geometric mean levels (95%
CI) of FENO for healthy, coughing and wheezing children
were 13.8 ppb (10.4–18.3 ppb), 12.6 ppb (8.0–20.0 ppb) and
15.7 ppb (13.3–18.5 ppb), respectively (p=0.81). However,
both age (p=0.022) and sex (p=0.037) were significantly
associated with tidal FENO. Tidal FENO increased with age
(0.1 ppb per week of age), while females had a 1.48-fold
increase in TB FENO compared with males.

Discussion

Measuring FENO in wheezy infants may help to identify
infants who wheeze due to asthma and are likely to have
symptoms that persist through early childhood. In infants
FENO has been measured during TB [6, 7, 12] and with a
modified SB technique [5]. In this study a poor agreement and
only a moderate correlation between levels measured using
both of these techniques was found, confirming that breathing
patterns can considerably alter the concentration of NO in
exhaled breath.

The advantages of the SB technique are that FENO is measured
during constant expiratory flow and nasal NO contamination
minimised [5]. WILDHABER et al. [13] have reported good 1 h
and 4 week reproducibility of SB FENO. Flow dependence for
FENO has been reported in both adults [14] and children [10]
and the results from the current study at different expiratory

flows using the SB technique confirm earlier findings, in a
much smaller group [5]. The authors were unable to obtain
reliable data from all infants, however, a plateau in 86% of
infants tested was successfully achieved. Unsuccessful attempts
were mostly due to an inability to inhibit the infant9s res-
piratory drive prior to the controlled exhalation. The SB
technique used in infants results in a plateau at a comparable
expired volume (based on forced vital capacity) to that
recommended by the ATS for children aged v12 yrs [15].

The TB method is potentially a much less invasive and
simpler collection method than the SB method but it is not
possible to control for flow and nasal NO contamination. In
the authors experience to obtain valid TB data, measurements
need to be collected when an infant is asleep so that breathing
is regular, as recommended by a joint European Respiratory
Society/American Thoracic Society Taskforce [3]. Indeed, the
authors have had difficulties collecting tidal breaths from
infants who are awake and have found a large degree of
variability in levels collected in conscious infants [9]. Similar
problems have been experienced by other researchers
measuring FENO in this age group [16].

There was poor agreement between FENO measured using
the two techniques. Concentrations were consistently higher
using the SB method and the difference increased with higher
levels. This agrees with findings from a similar study in adults
[17]. The higher concentrations recorded for the SB method in
the current study is most likely to be due to lower expiratory
flow. The flow used for the SB method was 11 mL?s-1 while
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Fig. 2. – Agreement in log fractional exhaled nitric oxide (FENO)
measured with the tidal breathing (TB) and single breath (SB)
methods and difference in log FENO (SB-TB levels). ––: mean
difference between values obtained using the two methods; ----:
represent the limits of agreement (¡2 SD).
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Fig. 3. – Box plots of fractional exhaled nitric oxide (FENO) in healthy,
coughing and wheezy infants measured with a) the single breath (SB)
method and b) the tidal breathing (TB) method. The box represents the
median, 25th and 75th percentiles and the whiskers represent the 10
and 90th percentiles. #: p=0.01.
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for TB measurements the mean peak flow for the group was
128 mL?s-1. Interestingly, the correlation between SB and TB
FENO, although significant, was only moderate (r=0.60). This
may reflect the variability of tidal flows but also may be due
to other factors, such as nasal NO contamination and a
dilution effect from the dead space during TB.

There was a significant difference in FENO concentrations
between healthy children and children with wheeze when
measured with the SB technique but not the TB technique.
The results for the SB technique confirm a previous finding
from the author9s laboratory [5]. BARALDI et al. [4] collected
FENO from infants using a TB technique and found that
levels were increased during exacerbations of wheeze and
returned to values similar to healthy children after treatment
with inhaled corticosteroids. There have been no reports of
TB FENO in untreated wheezing infants when they are well,
although TB levels have previously been found to discrimi-
nate between both children [18, 19] and adults [17] with and
without asthma. These studies are likely to have included
more homogenous groups than in the present study. Indeed,
not all of the infants with wheeze will have, or go on to
develop, asthma. This is likely to explain why the TB method
failed to distinguish healthy and wheezy populations in the
current study. However, because the SB method uses a low
expiratory flow, the measured FENO may be able to detect
relatively small group differences.

In the current study, females had significantly higher
FENO, both SB and TB, than males. This agrees with results
from PIJNENBURG et al. [20] who measured SB FENO in
children aged 4–8 yrs. Sex differences have not been reported
in older prepubescent children using either TB [12] or SB
[10] measurements, but there is increasing evidence that in
adolescents [21] and adults [22–24] FENO is higher in males.
These results suggest there is a maturational change in the
relationship between FENO and sex. This could be due to
relative changes in body mass [23] or differences in NO
synthase activity between males and females [24]. Interest-
ingly, TB FENO but not SB FENO increased with age. In
contrast, an age effect has been reported in older children
using SB methods [10, 21], but not the TB method [12]. In
infants it could be expected that as expiratory flow increases
with age FENO will decrease. The most likely explanation for
this finding is an increased contribution of nasal NO as
children grow older. Nasal NO levels increase with age
probably as a result of the development and pneumatisation
of the paranasal sinuses [25].

The ability of exhaled nitric oxide measurements in infancy
to identify children with asthmatic wheeze remains to be
determined. However, the results of the current study suggest
that, in the research setting, single breath exhaled nitric oxide
may be more sensitive than tidal breathing levels for
differentiating between infants with and without airway
inflammation. The usefulness of this test can only be
determined in prospective studies. The infants in this cohort
will be reassessed at school age.
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