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ABSTRACT: Fractional exhaled nitric oxide concentration (FENO) depends on
exhalation flow; however, children often are unable to perform controlled flow
procedures. Therefore, a device was developed for off-line FENO sampling, with
dynamic flow restriction (DFR).

The authors compared off-line with on-line FENO, assessed feasibility, and obtained
normal values for FENO in children aged 4–8 yrs. Subjects inhaled nitric oxide (NO)-
free air and exhaled into the device, where DFR kept exhalation flow constant at
50 mL?s-1. Dead space air was discarded. Exhaled air was collected in a 150 mL mylar
balloon. On-line measurements were performed and values compared with off-line
FENO in 19 adult volunteers. Seventy-nine children performed off-line sampling. All
samples were analysed with a chemiluminescence NO-analyser. Normal values were
obtained in 34 healthy children.

There was an excellent correlation between on- and off-line values. Bland and Altman
plots showed good agreement between on- and off-line FENO. Seventy-four out of
79 children were able to perform a correct off-line procedure. Geometric mean¡SEM

FENO in healthy children was 4.9¡1.2 parts per billion (ppb) for male children and
7.6¡1.1 ppb for female children.

It can be concluded that off-line fraction of exhaled nitric oxide measurements with
dynamic flow restriction are feasible in young children and correspond to on-line values.
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Fractional exhaled nitric oxide concentration (FENO)
is a noninvasive marker of eosinophilic airway inflam-
mation in asthma [1, 2]. The American Thoracic Society
(ATS) published guidelines for the sampling of FENO

in adults and older children [3]. In addition, a joint
European Respiratory Society (ERS)/ATS task force
on exhaled nitric oxide (NO) measurements in children
has summarised its recommendations [4].

FENO values are highly dependent on exhalation
flow [5]. Hence, ATS guidelines recommend measure-
ments during a single, slow exhalation with constant,
low flow. However, 4–8-yr-old children are often unable
to perform the required controlled flow procedures
needed for standardised sampling [6, 7]. In children
unable to cooperate, tidal breathing methods or
exhalations with uncontrolled flow have been used,
but these are ill standardised and allow for con-
tamination with ambient and nasal NO [3]. A dyn-
amic flow restrictor (DFR) that automatically varies
resistance depending on blowing pressure overcomes
these problems. The ERS/ATS Task Force 2001 is the
first to give recommendations on measuring FENO

in children, and it mentions DFR as a method of

choice [4]. However, published data on DFR concern
techniques where manual adjustments are made and
this limits their applicability. Especially in young
children, FENO as a noninvasive, simple, reproducible
inflammatory marker would be very useful as a
diagnostic and monitoring tool in respiratory disease.
Therefore, the authors developed a new, flow-constant
device for off-line measurement of FENO in children
aged o4 yrs, who can cooperate but have difficulty
in performing controlled expiratory manoeuvres. In
the present study, the authors first validated the
device against on-line FENO in young adult volun-
teers. Next, FENO was measured in schoolchildren
aged 4–8 yrs in order to assess feasibility and obtain
normal values.

Subjects and methods

Subjects

The off-line technique was validated in 19 adult
volunteers, selected to provide a wide range of FENO.
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Children aged 4–8 yrs were recruited from a primary
school. The parents of 86 out of 125 children
gave written informed consent for their children to
participate in the study. All parents completed a
modified, validated International Study of Asthma
and Allergies in Childhood (ISAAC) questionnaire
about wheezing, rhinitis and eczema [8]. Questions
about parental smoking, recent colds and use of
medication were added. For 1 week, a diary card
on respiratory symptoms and use of medication was
completed. Height and weight were measured. The
study was approved by the Medical Ethical Commit-
tee of the Erasmus MC/Sophia Children9s Hospital.

Off-line exhaled nitric oxide measurements

Exhaled air was collected with a new, custom-built
device, which contained a mechanical variable flow
restrictor that kept exhalation flow constant at
50 mL?s-1 over a pressure range of 5–20 cmH2O
(fig. 1). Preliminary experiments with calibration gas
of 115 parts per billion (ppb) indicated that the device
was NO inert. Subjects were asked to take a deep
breath through a mouthpiece attached to a bag with
NO-free medical air via a nonrebreathing valve.
They immediately exhaled into the DFR. A man-
ometer checked mouth pressure and manoeuvres
were accepted when pressures were 5–10 cmH2O. A
whistling feedback signal indicated a pressure of
w5 cmH2O. The dead space air of the subject and
device was discarded by a side tube. Air exhaled
during the last 3–4 s was collected in a 150 mL NO-
impermeable mylar balloon (Jurjen de Vries BV,
Leeuwarden, the Netherlands). Total duration of the
measurement was y10 s. All subjects performed five
manoeuvres with a varying exhalation time, discard-
ing exhaled air during 3, 4, 6, 8 and 10 s correspond-
ing to 150–500 mL, in random order. Between
measurements, there was a minimum of 30 s rest.
All balloons were sealed, and analysed within 2 h.

Samples of ambient air were collected and analysed.
A chemiluminescence analyser (Sievers 280 NOA,
Boulder, CO, USA) with a sensitivity of v0.1 ppb
and a detection range of v0.1–500,000 ppb was used
for measuring NO. The analyser was checked once
daily before the measurements, using certified NO-free
gas and certified 115 ppb gas (BOC, Herenthout,
Belgium). The sampling flow was 200 mL?min-1 and
the response time was 200 ms.

On-line exhaled nitric oxide measurements

Three on-line manoeuvres were performed on the
NIOX NO-analyser (Aerocrine, Stockholm, Sweden)
according to ATS guidelines [3]. Subjects inspired
NO-free air and exhaled for a minimum of 7 s. A
FENO plateau of o3 s was required to approve the
measurement. Exhalation flow was kept constant
through visual feedback and a DFR at 50 mL?s-1.
Mouth pressure was checked.

Off-line exhaled nitric oxide measurements in children

Exhaled air was collected while children attended
school, during the morning hours of 1 week. The first
4 s of exhaled air (200 mL) were discarded, thus the
total duration of the measurement was y7 s. All
balloons were analysed within 6 h, a period in which
NO stays stable in balloons [9]. Samples of ambient
air were collected every hour.

Data analysis

The method of BLAND and ALTMAN [10] was used
to assess reproducibility of duplicate measurements
and agreement between off-line and on-line values.
For correlations between FENO and diary card data,
age, height, sex and ambient NO-values, bivariate
correlations analysis was used (Pearson9s correlation
coefficient). Data are presented as geometric means
(log transformed, processed and backtransformed)
and standard error of the mean¡SEM. The level of
significance was set at p=0.05.

Results

Validation of off-line device

Nineteen subjects (seven male) with a mean age of
29.5 yrs (range 21.9–39.5 yrs) participated. Geometric
mean FENO was 21.9 ppb (6.0–109.6) for on-line
values and 20.0 ppb (7.6–79.6) for off-line values,
with 150 mL discarded dead space volume. With
higher discarded volumes off-line, FENO was similar
(table 1). There was an excellent correlation between
on- and off-line values, irrespective of the discarded
dead space volume. Pearson correlation coefficients
varied between 0.95–0.98 (pv0.001) (table 1). BLAND

and ALTMAN [10] plots for agreement between on- and

Fig. 1. – A 4-yr-old male performing the single-breath off-line
procedure for fractional exhaled nitric oxide concentration mea-
surement with dynamic flow restriction (published with permission
from BARALDI and DE JONGSTE [4]).
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off-line values for discarded volumes of 200 and
500 mL are shown in figure 2.

Off-line measurements in children

Eighty-six children entered the study, but five
children were excluded because they could not per-
form the manoeuvres (mean age 57 months, range
50–64 months). Two children were absent during the
days of the measurements. Hence, data were obtained
from 79 children (46 male, 33 female) with a mean age
of 67 months (range 44–89 months) (table 2). Symp-
tom scores were low; only one child had a symptom
score w7 and 73% had a symptom score of 0. There
was no correlation between FENO values and diary
card scores or between any of the individual questions
of the ISAAC questionnaire and FENO. No corre-
lation was found between FENO and age or height.
However, the authors found significantly higher FENO

values in female compared with male children.
Geometric mean values were 5.0¡1.1 ppb for males
and 6.9¡1.1 ppb for females (p=0.006). Male and
female children did not differ in height, age or
symptom scores (table 2).

Ambient air and exhaled nitric oxide

Ambient NO levels were low and varied between
0.0–19.9 ppb, median 3.7 ppb. Despite the inhalation
of NO-free air, a significant correlation between FENO

and ambient NO was found (r=0.529, pv0.001). Every
10 ppb elevation of ambient air resulted in a 2.1 ppb

increase in FENO. No correlation was found between
FENO and ambient NO v7 ppb.

Duplicate measurements

BLAND and ALTMAN [10] analysis showed no differ-
ence and a high reproducibility of duplicate measure-
ments (fig. 3). The intraclass correlation coefficient
was 0.84.

Normal values

Thirty-four children (20 males) had a negative
ISAAC questionnaire for asthma and allergy, did

Table 1. – Effect of discarded dead space volume on off-
line fractional exhaled nitric oxide concentration (FENO)
and correlation with on-line values

Discarded
volume

mL

FENO#

ppb
Pearson

r}
Mean¡SD

difference
on-/off-line

ppb

On-line – 21.9 – –
Off-line

3 s 150 20.0 0.95 1.1¡1.3
4 s 200 20.9 0.96 1.0¡1.3
6 s 300 21.9 0.97 1.0¡1.2
8 s 400 21.9 0.98 1.0¡1.2
10 s 500 21.7 0.98 1.0¡1.2

#: Geometric mean FENO; }: Pearson correlation coefficient
for on-line and off-line values. n=19.
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Fig. 2. – BLAND and ALTMAN [10] analysis of agreement between
off-line and on-line fractional exhaled nitric oxide concentration
values in adults after discarding a) 200 (4 s) and b) 500 (10 s) mL
of air. NO: nitric oxide. Dashed lines indicate ¡2 SD.

Table 2. – Data for the study population

Whole group} Malez Female§

FENO ppb 5.8¡1.1 5.0¡1.1 6.9¡1.1#

Age months 68 (44–89) 67 (44–84) 71 (52–89)
Weight kg 20.6 (15.1–31.3) 20.5 (16.6–31.3) 20.9 (15.1–30.3)
Height cm 117.0 (105.3–130.9) 115.3 (107.0–129.5) 119.2 (105.3–130.9)
Symptom scores 0.0 (0–105) 0.0 (0–105) 0.0 (0–7)

Data are presented as median (range) or geometric mean¡SEM. FENO: fractional exhaled nitric oxide concentration. }: n=79;
z: n=46; §: n=33; #: p=0.006.
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not have any airway symptoms and were steroid
naive. These children were used to determine normal
values. Their mean age was 69 months (range 52–84
months). Geometric mean FENO was 4.9¡1.2 ppb for
males and 7.6¡1.1 ppb for females (p=0.02). There
was no correlation between age, weight or height and
FENO.

Discussion

The authors found an excellent correlation between
on-line values and FENO obtained off-line employing
DFR. In addition, there was good agreement between
the two methods. Increasing the volume of discarded
dead space air did not improve agreement. Reprodu-
cibility of duplicate off-line measurements was good.

Correlations of different on- and off-line sampling
techniques have been reported in the literature [7,
11–14]. Several authors found an excellent correlation
between on- and off-line values; however, agreement
between both methods differed in different studies.
While SILKOFF et al. [12] found lower off-line values
compared to on-line values, PAREDI et al. [11] found
that agreement was flow dependent and best with
expiratory flows ofy150 mL?s-1. At the recommended
expiratory flow of 50 mL?s-1, these authors found
low agreement. In contrast, the present findings show
that with a single-breath, low-flow exhalation accord-
ing to ATS guidelines, controlled by dynamic flow
restriction and discarding dead space air, both good
correlation and agreement between on- and off-line
values can be obtained. As the NIOX NO-analyser
(Aerocrine) works with DFR as well, this finding is
not surprising.

Several groups described different off-line tech-
niques for sampling exhaled NO [7, 11–19]. These
include tidal breathing techniques and uncontrolled or
controlled single exhalations into a reservoir. Tidal
breathing techniques require no active cooperation
and are feasible down to the newborn age. On the
other hand, exhalation flow cannot easily be controlled

and it is difficult to prevent nasal contamination
adequately, leading to increased variation in FENO

values. Uncontrolled single exhalations against a resis-
tance are easy to perform and reproducible even in
young children, and there is no need for expensive or
complicated equipment [7, 14, 16]. However, in the
absence of flow control, FENO values may vary and be
unsuitable to monitor individual patients. Controlled
single exhalation manoeuvres improve reproducibility
and agreement with on-line procedures. Biofeedback
signals can be used to facilitate the procedure.
Nevertheless, many young children will still have
difficulty in performing these manoeuvres. Dynamic
flow restriction overcomes this problem. The majority
of all children in the present study successfully
completed the sampling procedure with the off-line
device with dynamic flow restriction. Hence, it is now
feasible to obtain reliable FENO values at a constant,
low flow in children aged o4 yrs, using a simple
mechanical sampling device.

The present data are the first on 4–8-yr-old children,
measured with a constant flow of 50 mL?s-1. Although
the number of children was relatively small, the values
found are in agreement with values from previous
studies in older children [9, 15, 20]. Moreover,
symptom scores in the whole study population were
low, and FENO values in children with and with-
out symptoms were not significantly different. This
suggests that, in this young age group, airway
symptoms are less likely to be related to eosinophilic
airway inflammation than in older subjects, thus
confirming earlier observations [21]. Future studies
using larger groups should establish reference values.

The authors found significantly higher FENO values
in female compared to male children. Only in one
previous study was a difference in FENO between
males and females found. However, in this study
higher FENO levels as well as higher plasma nitrate
levels were found in males [22]. Male and female
children in the present study did not differ in weight,
height or age. Female children were not expected to
have a higher prevalence of atopy or mild asthma and
symptom scores did not differ between males and
females (p=0.48) [23, 24]. As atopy was not measured
specifically, a difference in atopic status between males
and females may still be possible in this relatively
small sample. The authors could not confirm the
correlation between age and FENO that was reported
for older children, nor was a correlation with height
found [9].

No correlation between diary card symptom score
or questionnaire answers and FENO was shown.
However, symptom scores in the authors9 group
(measured in summer) were very low, and only four
children were treated for respiratory symptoms with
inhaled steroids. Therefore, lack of correlation may
be due to the relatively healthy population that was
included.

The authors found a significant correlation between
FENO and ambient NO levels w7 ppb. Several studies
investigated the correlation between FENO and ambient
NO using different sampling techniques, resulting
in conflicting data [25–27]. Ambient air can have NO
values as high as several hundred ppb and may
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Fig. 3. – BLAND and ALTMAN [10] analysis of agreement between
duplicate fractional exhaled nitric oxide concentration values. NO:
nitric oxide. Dashed lines indicate ¡2 SD.
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contaminate dead space of the airways, thus giving
false high FENO values after expiration in a reservoir.
Inspiration of NO-free air or discarding dead space
air have been proposed as methods to eliminate this
disturbing factor [3]. However, despite these measures,
the authors still found a correlation between FENO

and ambient NO. Several explanations for the present
findings are possible. According to ATS recommen-
dations, children took only one deep breath of NO
free air, which may be not enough to effectively
wash out dead space NO. Although special attention
was paid to closure of the mouth around the mouth-
piece during inspiration, some children may have
inhaled ambient air along the mouthpiece. Based
on the authors9 findings in adult volunteers where
agreement did not improve with higher discarded
volumes, the first 150–200 mL of each exhalation was
discarded before exhaled air was sampled. Because
the anatomical dead space of children is smaller
than in adults, discarding this amount of exhaled air
should be sufficient to avoid contamination with
dead space air. The low FENO in these healthy
children may reveal any contamination more readily
than higher levels in asthmatics. The authors recom-
mend to record ambient NO levels when measuring
FENO.

In conclusion, the authors found an excellent
agreement and correlation between on- and off-line
fractional exhaled nitric oxide values, with a new
constant low-flow off-line device for single-breath
measurement with dynamic flow restriction. With this
device, fractional exhaled nitric oxide can be repro-
ducibly measured in children aged 4–8 yrs, with a
high success rate. Normal fractional exhaled nitric
oxide values for healthy male and female children are
reported. Furthermore, there was a weak correlation
between ambient nitric oxide w7 parts per billion
and fractional exhaled nitric oxide levels, despite the
inhalation of nitric oxide-free air and dead space
discarding. Thus, the authors propose this off-line
technique and dynamic flow restriction as a suitable
method to collect samples for fractional exhaled
nitric oxide measurements in children too young to
cooperate with recommended on-line procedures.
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