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ABSTRACT: Fractional exhaled nitric oxide (FENO) levels are
increased in children and adults with asthma, whereas low levels
have been found in cystic fibrosis and primary ciliary dyskinesia. The
aim of this study was to investigate whether FENO measurements
could distinguish between children below the age of 2 with different
airway diseases. FENO measurements were performed in 118 infants
aged between 4.6 and 25.2 mo: 74 infants with recurrent wheezing
(RW), 24 with bronchopulmonary dysplasia (BPD), and 20 with
cystic fibrosis (CF). FENO was measured also in 100 healthy controls
aged between 1.1 and 7.7 mo. Geometric mean (95% confidence
interval) FENO values were 10.4 (9.1–12.0) parts per billion (ppb) in
healthy infants, 18.6 (15.6–22.2) ppb in wheezy infants, 11.7 (8.2–
16.8) ppb in BPD infants and 5.9 (3.4–10.1) ppb in CF infants. FENO
in wheezers was higher than in controls, BPD, and CF (p � 0.009,
p � 0.038, and p � 0.001, respectively). Atopic wheezers showed
higher FENO than nonatopic wheezers (p � 0.04). CF infants had
lower FENO than healthy controls and BPD infants (p � 0.003 and
p � 0.043, respectively). FENO values in BPD and control infants
were not different. We conclude that FENO is helpful to differentiate
various airway diseases already in the first 2 y of life. (Pediatr Res
60: 461–465, 2006)

The fractional concentration of nitric oxide in exhaled air
(FENO) has been suggested as a marker of bronchial

eosinophilic inflammation. Increased FENO levels have been
found in asthmatic adults (1) and children with symptoms of
asthma and atopy (2). Guidelines for the measurement of
FENO are available for both adults and children (3,4), and
normal values for healthy children between 4 and 17 y of age
have been recently published (5). Although in the last decade
there has been a growing interest in measuring FENO in
noncooperative young children as well, few studies have
investigated FENO as a marker of bronchial inflammation in
children below the age of 2 y. It has been shown that infants
with recurrent wheeze have elevated levels of FENO during
exacerbations that rapidly decrease after steroid therapy (6),

suggesting that eosinophilic airway inflammation is present in
early childhood wheeze. Low FENO levels have been found in
infants with CF (7), primary ciliary dyskinesia (8) and rhinor-
rhea (9). A recent study by Baraldi and co-workers (10)
showed that school-age children with BPD and airflow limi-
tation had lower FENO levels than healthy matched controls
and asthmatic children, suggesting that airflow limitation in
children with BPD might not be related to ongoing inflamma-
tion as is the case in asthma. It is well known that infants with
BPD have an early inflammatory response followed by
chronic inflammation and airways remodeling (11–13). Only
one study previously reported high FENO levels in infants with
chronic lung disease (14).
The aim of the present study was to measure FENO in

infants below the age of 2 y and to evaluate whether FENO

could be used to differentiate airways diseases in the first 2 y
of life.

METHODS

Subjects. FENO measurements were conducted in 118 infants with different
respiratory diseases, who either participated in other clinical trials (15) or
were referred to the Department of Pediatric Respiratory Medicine, Sophia
Children’s Hospital in Rotterdam, to perform lung function tests as part of the
routine patient care. As the control group we took a random sample of 100
healthy infants participating in an ongoing birth cohort study (16). All these
infants had been free of significant respiratory symptoms since birth, and
FENO measurements were performed at about 6 wk or 6 mo of age.

Parents gave written informed consent. The Medical Ethical Committee of
the Erasmus University Medical Centre approved the study.

Infants with RW (n � 74). RW was defined as 3 or more reported
wheezing episodes, or at least 1 period of persistent wheezing longer than
2 mo, but not continuously present from birth on. Fifty-three infants had a
high risk for atopy, defined as parental history of allergy, asthma, eczema or
hay fever, or had eczema, and 21 were nonatopic. Five infants had been
treated with inhaled corticosteroids before the study.

Infants with BPD (n � 24). BPD was defined as clinical signs of
respiratory distress, chest radiograph abnormalities, and oxygen dependence
at 28 d (11). Infants were born at gestational age �32 wk and had a birth
weight �2000 g. During the month before the study, five infants had been
using both inhaled corticosteroids and beta-2 agonists and three used corti-
costeroids only. At the time of the study, none of the infants required oxygen
treatment.

Infants with CF (n � 20). CF was diagnosed on the basis of typical
symptoms, a positive sweat test, and two DNA CF mutations. Eight infants
had been receiving antibiotic treatment during the week before the measure-
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ments. At the time of testing all children were clinically stable and there were
no signs of acute airway infection.

Infant lung function tests. Lung function measurements were performed
between 6 and 25 mo corrected age, when the infants were free from acute
respiratory symptoms. Infants refrained from using beta-2 agonists in the 24 h
before testing. Infants were sedated with choral hydrate (50–100 mg/kg).
Functional residual capacity (FRCp) was measured by means of a modified
whole body plethysmograph (Jaeger, Würzburg, Germany). The mean FRCp
of three to five technically acceptable measurements was recorded and
expressed as Z score (17). V̇maxFRC was assessed using the end-tidal rapid
thoracoabdominal compression technique (custom-made equipment; Depart-
ment for Experimental Medical Instrumentation, Erasmus University Medical
Centre, Rotterdam, the Netherlands). The mean V̇maxFRC of three to five
technically acceptable measurements was recorded and expressed as Z score
(17,18). Equipment and procedures were in accordance with recently pub-
lished guidelines (18,19). Measurement of airway resistance was performed
by means of the interrupter technique (MicroRint; MicroMedical Ltd., Roch-
ester, UK).

FENO measurements. Exhaled air samples were collected with a face
mask placed over infants’ nose and mouth during tidal breathing while infants
with lung diseases were sedated (50–100 mg/kg chloral hydrate). Because of
medical ethical reasons, no chloral hydrate was used in healthy control
infants. The face mask was connected to a two-way nonrebreathing valve
(Hans Rudolph Inc., Kansas City, MO) that allows inspiration of NO-free air
from an NO-inert 750-mL Mylar balloon to avoid contamination by ambient
NO. This balloon was connected to the inspiratory port if ambient levels were
�10 parts per billion (ppb), allowing washout of the dead space of the lungs.
Ten NO-free breaths were sufficient for this purpose as suggested by current
guidelines (4). Exhaled breath samples were collected into an NO-inert
150-mL Mylar balloon fitted with the expiratory port, and five breaths were
collected in the sampling balloon. Then FENO was analyzed by a fast response
NO analyzer (Sievers 280 B, Boulder, CO) within 1 h of the measurement.
The analyzer was calibrated in accordance to the manufacturer instructions
with 0 ppb and 200 ppb NO certified calibration gas (Hoek Loos, Barendrecht,
the Netherlands). All FENO measurements were performed before lung func-
tion tests. In healthy infants, FENO measurements were also performed with
the face mask placed over infants’ nose and mouth, during quiet tidal
breathing with infants in supine position, but without the use of sedation. A
FENO measurement was considered successful if exhaled air was sampled
during quiet tidal breathing, if the face mask was tightly fitted to nose and
mouth during the whole procedure, and if at least five breaths were collected.

Before each FENO measurement, the ambient NO concentration was
recorded.

Data analysis. FENO values were log-transformed to obtain a near-normal
distribution and analyzed by means of parametric tests. The log-FENO values
were subsequently back-transformed and expressed as geometric means with
their 95% confidence intervals (95% CI). Univariate ANOVA was used to
compare demographic characteristics and lung function parameters in the
groups of infants. Regression analysis was used to evaluate the relation
between FENO and ambient NO concentrations. Comparisons between the
groups of diseased infants and the healthy control group were performed by
linear regression analysis, controlling for age, length, and weight. As infants
with lung diseases had different degrees of airflow limitation, a linear regres-
sion analysis was performed with log-FENO as dependent variable, while
controlling for age, weight, length, and lung function parameters, including
tidal volume and breathing frequency, of the three groups of diseased infants.

The area under the receiver operating characteristic curve (ROC curve)
was calculated to evaluate the accuracy of FENO measurements in differen-
tiating the diagnostic groups.

Proportions were compared by �2 test. Correlations were evaluated by
Pearson’s test if the variables were normally distributed, otherwise the
Spearman’s coefficient was calculated. t Test was used to compare FENO

values in infants with high risk of atopy and nonatopic infants and to compare

FENO between infants who used medications and infants who did not.
Two-tailed p values of �0.05 were considered significant.

RESULTS

All anthropometric characteristics, except for gender ratio,
were significantly different between the four groups of infants,
as outlined in Table 1.
Lung function tests and FENO measurements were success-

fully performed in all infants. Lung function parameters dif-
fered between the groups and are reported in Table 2 together
with FENO values.

Log-FENO values were significantly related to weight (Pear-
son’s coefficient � 0.243; p � 0.008) and length (Pearson’s
coefficient � 0.221; p � 0.016) only within groups of infants
with wheeze, BPD and CF (Fig. 1, A and B). Age was
significantly related to FENO when considering the groups
altogether (Spearman’s coefficient � 0.208; p � 0.002). No
relation was found between ambient NO and measured FENO

in any group of infants.
Adjusting for age, length, and weight, and in patient groups

also for lung function parameters, the linear regression model
showed that FENO values in wheezy infants were higher than
in controls [mean difference (95% CI) FENO � 1.6 (1.1–2.3)
ppb; p � 0.009], higher than in BPD infants [mean difference
(95% CI) FENO � 1.9 (1.0–3.5) ppb; p � 0.038] and higher
than in CF infants [mean difference (95% CI) FENO � 3.6
(2.2–6.0) ppb; p � 0.001]. Atopic and high-risk wheezy
infants (n � 53) had higher geometric mean FENO than
nonatopic wheezy infants (n � 21) (20.8 ppb and 14.0 ppb,
respectively; p � 0.04), whereas FENO in nonatopic wheezers
was not different from healthy controls and BPD infants. CF
infants showed lower FENO than healthy controls and BPD
infants [mean difference (95% CI) FENO � 2.0 (1.3–3.1) ppb;
p � 0.003 and 1.9 (1.0–3.6); p � 0.043, respectively],
whereas FENO was similar between BPD infants and the
control group [mean difference (95% CI) FENO � 1.0 (0.7–
1.5) ppb; p � 0.8] (Fig. 2).
The area under the ROC curve of wheezy infants compared

with healthy controls was 0.710 (p � 0.001). A cut-off value
of 14.1 ppb would give a sensitivity of 61% and specificity of
63%, whereas 10.1 ppb would give a sensitivity of 82% and
specificity of 51% (Fig. 3). The areas under the ROC curves
for the other diagnostic groups were 0.567 for BPD versus
controls (p � 0.3) and 0.374 for CF versus controls (p �
0.075).
A significant correlation was found between FENO and

FRCp Z score in the recurrent wheezers (Pearson’s coefficient

Table 1. Study population

Healthy controls
(n � 100)

RW
(n � 74)

BPD
(n � 24)

CF
(n � 20)

Age (mo) 3.9 (1.1–7.7) 13.4 (5.6–25.2) 10.8 (4.6–24.0) 12.5 (6.1–19.6)
Males/females 62/38 48/26 12/12 9/11
Weight (kg) 6.0 (0.2) 10.4 (0.2) 7.3 (0.3) 8.6 (0.4)
Length (cm) 61.3 (0.7) 77.4 (0.7) 68.8 (1.3) 72.9 (1.2)

Age is reported as mean (range). Weight and length are presented as mean (SEM). Age, weight, and length were significantly different between the four groups
of infants (p � 0.001 for all characteristics on univariate ANOVA).
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� 0.252, p � 0.037) (Fig. 4). No correlation was found
between FENO and lung function parameters within all other
groups of infants.

No difference was obvious between FENO of infants who
used either inhaled corticosteroids (RW � 18.5 ppb and BPD
� 14.4 ppb) or antibiotics (CF � 5.3 ppb), when compared
with the same category group of infants who did not use such
medications (RW � 18.6 ppb, BPD � 10.6 ppb, and CF � 6.3
ppb). However, numbers were small and no further calculation
was performed.

DISCUSSION

We evaluated FENO in infants with various airway diseases.
We found that FENO values in wheezy infants were higher and
in CF infants lower than in controls. FENO values in BPD and
control infants were not significantly different. We also found
that FENO was significantly higher in wheezy infants with high
risk of atopy, compared with nonatopic wheezy infants.
The relation between FENO and various airway diseases has

extensively been studied in adults and older children. How-
ever, few studies evaluated FENO in relatively large groups of
infants with different airway diseases while taking lung func-
tion parameters, tidal volume, and breathing frequency into
account. Moreover, we used a simple technique to collect
exhaled air that may easily be applied in practice and does not

Table 2. Lung function parameters and FENO values in different groups of infants

Healthy controls
(n � 100)

RW
(n � 74)

BPD
(n � 24)

CF
(n � 20)

FENO (ppb) 10.4 (9.1–12.0) 18.6 (15.6–22.2) 11.8 (8.2–16.8) 5.9 (3.4–10.1)
FRCp (mL/kg) ND 23.4 (0.5) 29 (1.6) 27.6 (1.3)
FRCp Z score �0.86 (0.1)* 0.26 (0.3)** 0.12 (0.3)
V̇maxFRC, (mL/s) ND 164.2 (8.6) 81.8 (7.3) 191.6 (20.6)
V̇maxFRC Z score �1.6 (0.1)* �2.1 (0.1)§ �0.9 (0.2)
Rint (kPa/L/s) ND 2.9 (0.1) 4.0 (0.3) 2.7 (0.3)

Values are expressed as mean (SEM). FENO values are reported as geometric mean (95% CI).
Rint, airway resistance measured by means of the interrupter technique; ND, measurement not done.
* p � 0.005 compared with CF; **p � 0.001 compared with RW; §p � 0.02 compared with RW; and p �0.001 compared with CF.

Figure 1. (A) Relation between FENO (represented on a log-scale) and weight
within groups of diseased infants. RW (‚), BPD (Œ), CF (e). (B) Relation
between FENO (represented on a log-scale) and weight in the group of healthy
infants (�).

Figure 2. FENO levels in different groups of infants. Median is line in box,
and box limits represent 25th and 75th percentiles. Whiskers extend to 10th
and 90th percentiles. Circles represent outliers. HC, healthy controls (n �
100); RW-A, recurrent wheezing, atopic (n � 53); RW-nA recurrent wheez-
ing, nonatopic (n � 21); BPD (n � 24); CF (n � 20). *p � 0.003 compared
with RW-A and to CF. **p � 0.04 compared with RW-nA; p � 0.005
compared with BPD; p � 0.001 compared with CF. §p � 0.001 compared
with CF. †p � 0.043 compared with CF.

Figure 3. ROC curve analysis of wheezy infants compared with controls.
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require a sophisticated infant lung function lab and specialized
staff (20).
Despite the fact that we used a relatively simple method,

our results confirm the findings of Wildhaber et al. (21) and
Franklin et al. (22), who showed that wheezy infants had
higher FENO than healthy controls. We found that atopic
wheezers had higher FENO than nonatopic wheezers and
healthy controls, whereas no difference was obvious between
nonatopic wheezers and healthy controls. This suggests that
eosinophilic airway inflammation is already present in these
infants with atopic wheeze. In agreement with the study of
Mappa et al. (23), we also found a correlation between FENO

levels and FRCp in wheezy infants, suggesting that air trap-
ping in the lungs is related to airway inflammation.
In a recent study, Baraldi and co-workers (10) found low

levels of FENO in school-age BPD survivors and speculated
that the defective NO synthesis and/or diffusion in the airway
lumen could be either a consequence of the epithelial damage
occurring in the early phases of BPD or could be attributed to
a disturbed vascular growth, with a reduction in the pulmonary
vascular bed (24). Although it has been shown that BPD
children have bronchial inflammation early in life, in our study
we found that FENO did not differ between BPD infants and
healthy controls. The inflammation pathway in the airways of
BPD seems to be mediated by neutrophilic granulocytes
(25,26), and this may explain our findings, as FENO has been
shown to reflect eosinophilic rather than neutrophilic inflam-
mation of the airways.
Our results confirm the findings of Elphick et al. (7),

showing that CF infants have lower FENO levels than healthy
controls. The mechanisms underlying the low FENO levels in
CF subjects have been hypothesized to be due either to excess

secretions in CF airways that might inhibit the diffusion of NO
into the airway lumen, or to a primary defect in NO produc-
tion. Since we measured FENO in an early stage of the disease
and only eight CF infants had needed antibiotics for previous
lung infections, our results would support the findings of
Steagall et al. (27) that nitric oxide synthase 2 (NOS2) ex-
pression is regulated by the presence of active CFTR.
It has been previously shown that FENO correlates with age

of children between 4 and 17 y (5). A correlation between
FENO and age has been also reported in children below the age
of 2 only when FENO was measured off-line during tidal
breathing, with an increase of 0.1 ppb per week of age (22).
We confirm the previous findings, although the regression
model showed a higher increase of FENO per week of age in
our study than previously reported (0.2 ppb per week of age).
As healthy infants in our study had FENO measured at the age
of 6 wk or 6 mo, age differences between controls and
diseased infants were present. Significant differences were
also present in other characteristics between diagnostic
groups, such as length and weight, and these could have
affected the results of our study. However, the regression
model showed that differences in FENO values between groups
remained significant also after controlling for such variables,
indicating that the variability of FENO between groups cannot
be attributed only to the differences in anthropometric char-
acteristics of the study subjects.
A possible limitation of our study is the use of sedation for

the FENO measurements in the diseased groups, but not in
healthy controls. In a previous study, Franklin and co-workers
(28) found a significant difference in FENO levels between
awake and sedated infants, with the latter group having lower
FENO values than the former. If this is the case, the FENO

values of the control group in our study might have been
overestimated. However, in this case the differences in our
study between controls and wheezy infants might have been
underestimated. Another limitation of our study was that we
collected mixed oral and nasal FENO by collecting expired gas
in a single-compartment face mask, therefore we could not
distinguish between NO derived from upper and lower air-
ways (29). This might introduce variability and explain some
of the overlap between groups. This would also imply that our
study underestimates any differences between groups. How-
ever, it has been shown that both nasal and oral NO levels
reflect mixed exhaled NO in infants (28) and techniques to
avoid nasal contamination of exhaled air in infants require
complicated and demanding equipment, unlikely to become
useful in practice (30,31). Also, standardization for expiratory
flow in infants is technically possible, but difficult (20), and
may be unnecessary. Moreover, such overlap is a character-
istic of any lung function test in a cross-sectional study, but
this does not by definition invalidate the findings that may
well be clinically useful and should be further evaluated for
their merits, e.g. in follow-up studies. We did not measure
lung function in healthy infants, therefore we could not com-
pare lung function parameters in the control group to the other
groups of diseased infants. The healthy infants participate in
an ongoing birth cohort study and it was not ethically permit-
ted to sedate before lung function tests. However, in this study

Figure 4. FENO values (represented on a log scale) were correlated to FRCp
Z score in infants with RW (n � 74). FENO � 1.346 � 0.069 FRCp Z score
(p � 0.037).
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we also found that FENO values were significantly different
between groups of infants with pulmonary diseases, showing
the potential utility of FENO in differentiating airway diseases
already in the first 2 y of life.
As in the last decade there has been a growing interest in

measuring FENO also in noncooperative children, our findings
have important implications. The early detection of the in-
flammatory pattern underlying different airway diseases could
lead to a better targeted management of such children already
in the first years of life. This is especially important for BPD
infants, who share some clinical and spirometric features with
bronchial asthma and are often treated with asthma medication
including inhaled corticosteroids.
We conclude that FENO measurements can be performed

early in life using a simple methodology and can be consid-
ered potentially useful to differentiate between various airway
diseases in children below the age of 2 y. It may be possible
to improve the technique to evaluate the utility of FENO

measurements at individual level. Further studies should ex-
plore feasible techniques to optimize FENO measurements in
infants, and the role of FENO in follow-up studies of disease
monitoring or guiding treatment in infants and young children
with pulmonary diseases.
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