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1. Background

Nitric oxide (NO) gas, which is produced by various
cells within the respiratory tract, is detectable in the
exhaled air [1, 2], and plays an important role in the
pathophysiology of airway diseases [3, 4]. The con-
centration of exhaled NO is increased in patients with
airway inflammation such as asthma [5—7] and bronchiec-
tasis [8]. Exhaled NO concentration measured at the
mouth, provided that the nasal NO does not contami-
nate the exhalate, is identical to that measured directly
via bronchoscope in the trachea and in the lung, con-
firming its lower airway origin in normal and asthmatic
subjects [9, 10].

The measurement of exhaled NO has excited consid-
erable interest, as it may provide a simple noninvasive
means for measuring airway or pulmonary inflamma-
tion [5, 6, 11-13]. There is now persuasive evidence
that levels of NO are decreased by anti-inflammatory
treatments, and this may be useful for monitoring whether
treatment is adequate [10, 14, 15].

The great advantage of exhaled NO is that the mea-
surement is completely noninvasive and can, therefore,
be performed repeatedly, and can be used in children
and patients with severe airflow obstruction, where more
invasive techniques are not possible [14, 16, 17].

Exhaled NO may be useful in differential diagnosis
since, in contrast to asthma, exhaled NO is not increased
in chronic obstructive pulmonary disease (COPD) [18,
19], and is reduced in cystic fibrosis [14, 16, 20], and
in patients with systemic sclerosis with pulmonary hyper-
tension [21].

High concentrations can also be detected in nasal air
of normal subjects [5, 10, 13, 22-24]. The paranasal
sinuses appear to be large contributors to this NO, which
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is constitutively produced by steroid-resistant nitric oxide
synthase (NOS) [25, 26], but not by nasal commensal
bacteria, as there is no reduction in nasal NO after anti-
biotics [24, 27]. Expression of NOS in normal human
nasal mucosa [24, 25] and upregulation of inducible
NOS (iNOS) in perennial allergic rhinitis, however,
might be the reason for the reduction in nasal NO after
treatment with nasal glucocorticosteroids in normal sub-
jects and patients with allergic rhinitis [24, 28]. By con-
trast, nasal NO levels are low in cystic fibrosis [14, 16,
20] and Kartagener's syndrome [27], and this might be
accountable for chronic infection in the upper airways
of these patients.

Several laboratories in Europe and the USA have rep-
orted measurements of exhaled and nasal NO using
chemiluminescence, but the values recorded differ widely
between them, reflecting differences in technological
and/or measurement techniques. Therefore, there is a
need to standardize the measurement if this approach is
to be widely applied and comparison of results from
different laboratories is to be possible. Although some
data are available on nasal NO measurements, further
investigation from a wider range of laboratories might
be required before a detailed standardization of nasal
NO measurements can be made. Therefore, we expect
to update the recommendations as more detailed stud-
ies become available.

2. Chemiluminescence analysers and general
equipment

2.1 System design

The equipment used in clinical investigation of exhal-
ed NO varies widely in complexity, but all systems are
based on the principle of the chemiluminescence method:
NO in the sample air reacts with ozone, producing a
defined amount of energized NO,*, which returns to its
basic energy level by emitting a photon; the quantity of
light is proportional to the NO concentration [29, 30].

2.2 Equipment requirements

Minimum standards for equipment are described in
table 1. The following recommendations are made:
1. The accuracy of the analyser is important, especial-
ly in the assessment of low values of exhaled NO.
Linearity should be <1%. The analyser should be sta-
ble, so that linearity is maintained over the test period.
The repeatability of the test should be within the coef-
ficient of variation <10%.
2. The analyser (fig. 1) should be equipped with mouth-
piece tubing (A), connected to a side-arm sampling tube
(B), made of an inert material (Teflon/polytetrafluo-
roethylene (PTFE)) and connected to a chemilumines-
cence analyser (C). The mouthpiece should have an
internal restrictor (D) in the breathing circuit to allow
exhalation with a low positive pressure 5-20 cmH,0.
The back-pressure created by expiration against this
resistance (as low as 5 cmH,0) is already sufficient to
keep the soft palate closed [31], so that the nasal cavi-
ties are partitioned from the remainder of the respiratory
tract, preventing the contamination of exhaled air with
nasal NO. As it is difficult for some subjects to maintain

Table 1. — Equipment specifications
NO module
Measurement unit Parts per billion (ppb)

Accuracy
Lower detectable limit
Response time

+1% full range

<1 ppb

The analyser should have a
rapid total response time
consisting of lag time + rise
time to 90-95% of final
response for NO detection.
Lag time should be <5 s and
rise time <2 s, giving a total
response time of <7 s. Lag
time should be compensated
for by the software.
0.1-10,000 ppb

Range 250-700 mL-min-!
(dependent on configuration)

Flow rate, pressure, volume module

Pressure/flow sensors to mea- Flow measurement range
sure expiration flow, pressure, 0+l L-s'!; (response

and exhaled volume in real- time ~25 ms); pressure
time. Control unit integrated ~ measurement range

into the analyser and equipped 025 cmH,O (response
with bio-feedback display time ~25 ms).

designed to provide visual
guidance for the subject to
maintain the pressure and
exhalation flow within a
certain range, to improve
test repeatability and to
enhance patient co-operation.
CO, module

CO, analyser (desirable but
not obligatory).

Measurement range
Sample gas flow

Range 0-10% CO,;
resolution +0.1%;
response time 0.3 s.

Calibration gas
Calibration NO gas Certified concentration
(preferentially of 100 ppb for
exhaled NO measurements
and 400 ppb for nasal NO
measurements) of NO

balanced N,.
Computer, software, recorder
Computer with a printer or

multichannel paper recorder
(desirable).

The results of the analyses
should be graphically
displayed on a plot of NO
concentration, pressure and
flow against time. Plotting of
CO, and exhaled volume are
optional.

the steady-state exhalation with a low exhalation pres-
sure (5 cmH,0), a wider range has been recommended.
However, the pressure should not be higher than 20
c¢cmH,0, as it might be uncomfortable for a patient and
might elicit an increase in local NO release [32].

For exhaled NO measurements, subjects should exhale
slowly from total lung capacity (TLC) (a complete vital
capacity (VC) exhalation is not required) over 5-30 s (ex-
halation time depends on the response time of the analy-
ser) with a flow of 5-15 L-min-!, against a low resistance
(5-20 cmH,0) which is acceptable to most subjects.
3. NO should be sampled for analysis via a Teflon/PTFE
tubing side-arm attached to the mouthpiece to prevent
loss of NO.

4. Oral pressure and exhalation flow should be mea-
sured in the breathing circuit (E) (fig. 1). Ideally, the
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Fig 1. — Schematic illustration of exhaled nitric oxide (NO) measurements for the single slow exhalation against a resistance, and nasal NO

measurements for the direct nasal sampling.

unit should be equipped with bio-feedback oral pressure
and/or an exhalation flow display, designed to provide
visual guidance for the subject to maintain the pressure
and/or exhalation flow within the desired range, thus
improving test repeatability and enhancing patient co-
operation. Alternatively, there are simple means of stan-
dardizing expiratory flow, using a calibrated mechanical
external choke system, which can simply maintain expi-
ratory flow at any desirable level.

5. Simultaneous measurements of CO, may be useful
in demonstrating what part of exhalation is analysed.
6. The analyser should be connected to a computer to
allow the parameters measured, NO, flow and pressure
(and CO, if available), to be simultaneously displayed
against time (fig. 2). It is desirable to integrate all asso-
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Fig. 2. — Schematic illustration of exhaled nitric oxide (NO) mea-

surements. P: pressure; V': flow.

ciated instrumentation and computing within a single
system. The software should allow the investigator to
choose a suitable plateau of NO concentration or flow
rate for calculation of the NO release rate. The analy-
sis of the signal should be expressed as a concentration
(parts per billion (ppb)) for peak and plateau NO val-
ues, or as a release rate in pmol-s-! (at standardized flow).

2.3 Quality control

Minimum standards for equipment quality control are
described in table 2. The analyser should have a rapid
response time for a peak NO detection (0.02 s is feasi-
ble). However, for platcau NO measurements, a resp-
onse time of <2 s is acceptable.

The response time of the analyser may be determined
by piercing a balloon filled with the NO calibration gas
and connected to the sampling port of the analyser. The
square wave change in NO over time will give the
response time of the analyser.

The following procedures are recommended:

1. Before each NO measurement: perform NO zeroing.
Manufacturers are encouraged to provide hardware and
software for automatic NO zeroing before each NO mea-
surement, using NO-free air or other means.

2. Daily: a) test for leaks in the system; and b) change
bacteriological and system protection filters. A normal

Table 2. — Equipment quality control

Before each test
Tested daily

Nitric oxide (NO) zero calibration

Visual test of breathing and
sampling circuits

Bacteriologist and system protection Changed daily
filters

Tests on laboratory personnel
(standard subject)

NO calibration

Flow and pressure zero calibration

CO, calibration

Flow, volume and pressure
calibration

Chemiluminescence linearity

Tested daily

Tested every 2-3 days
Tested weekly

Tested quarterly
Tested quarterly

Tested quarterly
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subject(s) could be tested to assure overall stability of
the system. Normal subjects are healthy nonsmokers
(e.g. healthy laboratory personnel). When sufficient data
on a standard individual are obtained, laboratories may
choose to establish their own criteria to serve as indi-
cators of potential problems with their NO analyser.
3. Every 2-3 days: perform two-point calibration, pro-
viding there is an automatic NO zeroing procedure be-
fore each measurement, using a certified concentration
(preferably 100 ppb for exhaled NO measurements and
400 ppb for nasal NO measurements) of NO balanced
with N, (NO/N,).

It is important that total NO, within the cylinder does
not exceed the values of the NO itself by more than 10
ppb. High values of NO, are an indication of instabil-
ity of the calibration gas and the possibility of its rapid
deterioration.

Calibration gas may be obtained from BOC Gases,
which has the technology (Spectra-Seal) for passivating
aluminium cylinders containing reactive gas mixtures,
in order to obtain stable NO standards at low concen-
trations. There are now full production quantities of 100
and 400 ppb NO/N, calibration gases in 10 L 150 bar
cylinders, with either BS14 UK or DIN14 continental
valve outlets (The Priestley Centre, Guildford, Surrey,
UK). These mixtures are supplied as Spectra-Seal brand-
ed mixtures, with guaranteed stability for 5 yrs. BOC
Gases currently has further standards undergoing analy-
sis, including third party validation by the National
Physical Laboratory for independent analysis over a 6
month period, which are at just 50 ppb. Certified cali-
bration gas may also be obtained from AGA AB (Lidingo,
Stockholm, Sweden). However, if the certified low grade
NO calibration gas cylinders are not available, a high
concentration of NO/N, (1-100 parts per million (ppm))
might be used when diluted by precision electromag-
netic flow controllers.

4. Weekly: if CO, is analysed, perform calibration using
a certified concentration (5%) of CO,. Calibration gas
may be obtained from BOC, Special Gases, UK, or from
BOC, Special Gases, Zaventem, Belgium.

5. Each quarter: perform two-points flow and pressure
calibration with a calibrated 1-5 L syringe.

2.4 Infection control

It is important to prevent transmission of infection to
subjects and staff during exhaled and nasal NO mea-
surements. The following recommendations are made:
1. Standard procedures and recommendation on hygiene
and infection control have been formulated in "Standard-
ization of Spirometry" (American Thoracic Society (ATS),
1994) [33], and may be applied to NO measurements.
2. In settings where routine disassembly of the tubings
is not possible, in-line filters may be effective in pre-
venting contamination of equipment [33]. If an in-line
filter is used, the measuring system must meet the min-
imal recommendations listed above for system accura-
cy, and flow resistance and equipment must be calibrated
with a filter installed.

3. The use of a disinfectant containing alcohol (e.g.
chlorhexidine 0.5% in 70% ethanol) should be avoided
immediately before the tests, as NO measurements might

be augmented by ethane, which is a product of the dis-
integration of ethanol and is a known source of inter-
ference in chemiluminescence measurement [34].

4. Manufacturers of NO equipment are encouraged to
design instrumentation that can be easily disassembled
for disinfection, or find other solutions to hygiene con-
cerns.

3. Exhaled NO: standardization issues

3.1 Inspiratory and ambient NO

Inhaling NO-free air during NO measurements is the
most standardized method of NO assessment in the lab-
oratory setting, or under some specific climatic condi-
tions (cold weather). In Finland, for instance, during
winter, ambient NO has been shown to vary between
1-2 and 600 ppb (A. Sovijarvi, Helsinki University Cen-
tral Hospital, Finland, personal communication).

However, in the field, no relationship has been found
between ambient and exhaled NO levels [6, 9, 17, 18,
35, 36] in normal or asthmatic subjects. It has also been
shown that inhalation of the NO calibration gas (113—
800 ppb) does not affect the peak exhaled NO in nor-
mal subjects [6, 18]. This may be related to the fact that
NO rapidly combines with haemoglobin [36, 37], and
is swiftly taken up by the lungs when inhaled. Thus, a
breathhold of 7.5 s reduced the concentration of inhaled
NO from 40 to 3 ppm, with a further reduction of up
to 1 ppm NO following 9-11 s of breathhold [36]. Prov-
ided that exhaled NO is measured at the end of a slow
(5-30 s) single exhalation manoeuvre, after inspiration
of ambient air that is very unlikely to be higher than 1
ppm NO, the influence of ambient NO on exhaled NO
is likely to be negligible.

However, the possibility exists that exhaled NO mea-
sured in the air collected during tidal breathing, when
the dead space contribution is enlarged, may be conta-
minated with ambient NO.

High ambient NO may contaminate nasal NO when
measured by direct sampling from the nose, as the nasal
cavities cannot absorb ambient NO to the same extent
as the lungs. However, since the normal range for nasal
NO is 900-1,000 ppb, the concentration of ambient NO
would need to be >90 ppb to be sufficient to increase
NO readings by 10%.

It is recommended that the ambient NO level is always
recorded. An environmental source of NO can be exclud-
ed as a contributory factor to exhaled NO measured dur-
ing slow exhalation against a low resistance when nasal
cavities are separated from the remainder of the respi-
ratory tract, when almost all the inhaled NO will be
absorbed in the lungs or exhaled with the dead space
volume. NO-free air (Medical Air, nominal oxygen con-
tent 21%) should be used when ambient NO levels are
high (>40 ppb).

Furthermore, NO-free air should always be used when
a mixed exhaled air is collected during tidal breath-
ing, unless the NO concentration of ambient air is neg-
ligible, or when nasal NO is measured during direct
nasal sampling when ambient NO levels are high (>40

ppb).
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3.2 Procedural sources of variation in NO measurements

3.2.1 Patient-related factors. Conditions that may affect
exhaled and nasal NO release (table 3) should be avoid-
ed, or registered and used for the interpretation of the
data. There are, as yet, no data available to demonstrate
any change in NO measured with subjects from the seat-
ed to the supine position. However, most studies have
been performed with NO measured whilst the subject
is in the seated position, and, therefore, this is recom-
mended as a standard position for spontaneously breath-
ing subjects.

Before beginning the test, it is recommended that the
manoeuvres are demonstrated and the subject carefully
instructed. The subject should be seated for at least 5
min before testing, and should remain seated throughout
the procedure. The test should be performed with the
subject having refrained from recent strenuous exercise.

Table 3. — Processes and factors affecting exhaled and
nasal nitric oxide (NO)

Increased NO Decreased NO

Exhaled NO
Technical factors
Low exhalation flow rate High exhalation flow rate
Breathholding

NO modulators
Ingested L-arginine in
normal subjects

Inhaled or i.v. NOS inhibitors
(L-NMMA, L-NAME,
aminoguanidine, etc.)

Inhaled or oral

glucocorticosteroids
Physiological factors
Menstrual cycle variations Menstrual cycle variations
Breathholding Smoking
Physical exercise Acute alcohol ingestion
Diseases
Asthma Systemic sclerosis with

pulmonary hypertension
Allergen challenge Cystic fibrosis
(late response)
Upper respiratory tract
infection
Lower respiratory tract
infection
Bronchiectasis
Cirrhotic patients with
hepatopulmonary syndrome
Nasal NO
Technical factors
Low sampling flow rate
NO modulators
i.v. L-arginine in normal

COPD

High sampling flow rate

Nasal glucocorticosteroids in

subjects normal subjects and patients
with seasonal allergic rhinitis
Nasal decongestants
(a-adrenergic agonists)
Intranasally or intrasinusally admi-
nistered NOS inhibitor L-NAME

Physiological factors

Breathholding or nose Physical exercise

occlusion

Diseases

Allergic rhinitis Kartagener's syndrome
Cystic fibrosis

Primary ciliary dyskinesia

NOS: nitric oxide synthase; L-NMMA: NG-monomethyl-L-arg-
inine; L-NAME: NG-nitro-L-arginine methyl ester; COPD:
chronic obstructive pulmonary disease.

3.2.2 Inspiratory manoeuvre. The NO manoeuvre begins
with exhalation to residual volume (RV) followed by
rapid inhalation to TLC. In healthy subjects, inspiratory
time averages 1.5-2 s, and in patients with severe airflow
obstruction (forced expiratory volume in one second
(FEV1)/VC <0.5), inspiratory times average about 4 s [38].

It is recommended that the inspiration is rapid (no
longer than 2.5 s in healthy subjects and 4 s in patients
with severe airway obstruction).

3.2.3 Exhalation parameters: pressure, flow and vol-
ume. Exhaled and nasal NO are markedly flow-depen-
dent, and a significant reduction in NO concentrations
has been reported when sampling or exhalation flow
rates increase [5, 10, 13, 31, 39, 40]. The probable rea-
son for the reduction in NO concentration with increased
expiratory or sampling flow is that the same amount of
NO will be dispersed in a different exhaled or sample
volume. Thus, with a higher exhalation or sampling
flow, NO will be diluted in a greater volume and, hence,
a lower NO concentration will be detected.

There is no apparent influence of exhaled volume on
NO levels, providing dead space volume is discarded.
In a single exhalation, exhaled NO almost reaches a
plateau after 5-10 s of exhalation, whilst the CO, and
exhaled volume continue to increase [10]. There is no
difference in NO concentration between mixed expired
air collected into a reservoir after a full VC exhalation
and an exhalation from one tidal breath above functional
residual capacity (FRC) to RV either in normal or asth-
matic subjects [9, 19].

Fractional analysis of expired gas, collected during
exhalation against a low resistance, has also shown no
significant difference in exhaled NO between the first
40-45% (meantsem 6.9% 1.9 ng-L-!) and the remaining
part (5.1£1.0 ng-L-!) of an exhalation [41]. However, the
first exhalation fraction is usually associated with a tran-
sient NO peak (fig. 2), which represents the portion of
exhaled air most contaminated with the nasal [40, 42],
oropharyngeal and ambient NO in the dead space. The
detection of this peak depends on the response time of
the analyser, and should be discarded from the analy-
sis, unless there is a particular need to analyse NO in
this part of exhalation.

It is recommended that the exhalation is slow (5-30
s), from TLC or close to TLC with an exhalation flow
rate of 10—15 L-min-!, and against a low resistance (5-20
cmH,0). The flow rate should be kept as constant as
possible and measured during the manoeuvre. There is
no need to empty the whole VC.

3.2.4 Expiratory manoeuvre. As the release of NO from
the nasal passages is approximately 40—120 times that
of the rest of the respiratory tract [10, 23, 42, 43], it is
crucial to separate the nasal passages from the remain-
der of the respiratory tract during an exhalation manoeu-
vre, hence preventing the contamination of exhaled NO
with nasal NO.

There are three main approaches to measurement of ex-
haled NO: 1) single slow exhalation through the mouth-
piece, with side-arm sampling or passage directly into
the analyser; 2) collection of the exhaled air into a reser-
voir during tidal breathing or single exhalation, with ana-
lysis thereafter; and 3) sampling from a mixing chamber
at the expiratory side of the mouthpiece during tidal
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breathing or via a side-arm from the mouthpiece, until
steady-state levels are achieved.

It has been shown that the nasal contribution to mouth
breathing can be effectively eliminated by voluntary soft
palate closure or by applying the balloon occlusion meth-
od [35], or just by exhaling against a resistance [10, 39].

Using the exhalation against a resistance technique as
the simplest but most effective method, several groups
have obtained exhaled NO values that are in good agree-
ment, giving mean(+sem) values of: 8+0.8 ppb [1]; 74
ppb [35]; 7£1 ppb [10]; and 6+0.4 ppb, even though the
latter was analysed from a reservoir [17]. Indeed, there
was no difference in exhaled NO measured either dur-
ing slow exhalation against resistance (714 ppb) or after
the nasopharynx was isolated by inflated balloon occlu-
sion (74 ppb) [35].

Recently, it has been shown that a single slow exhala-
tion against a low resistance may be successfully applied
in normal children and in children with cystic fibrosis
aged 6-17 yrs [16].

The reservoir collection method is the other option
for NO release measurements at rest or during exercise,
when the chemiluminescence analyser is not available
on site, or in children or adults who are unable to main-
tain steady-state exhalation during a slow exhalation
manoeuvre. Thus, during a single VC exhalation into
the reservoir when the first contaminated portion of the
air was discarded, the mean(£sem) NO levels in the re-
maining part of the exhaled air were in good agreement:
8.143.3 ppb [36], and 8.4+1.2 ppb [9]. Inert material,
such as polyethylene or NO-impermeable Mylar, should
be used for collection [9, 35, 44, 45].

However, there is convincing evidence for a substan-
tial nasal contribution to the exhalate during tidal breath-
ing or a single breath without resistance because of soft
palate opening [46], which might explain the higher NO
values of 14-18 ppb when measured during tidal breath-
ing through the mouth [35, 37, 45], in comparison with
a single exhalation against a low resistance into a reser-
voir, 6.220.4 ppb [17].

Therefore, NO measured in exhaled air collected dur-
ing tidal breathing into a reservoir is more likely to rep-
resent a mixed exhaled NO + nasal NO, unless there is
a low resistance to each exhalation, and this may dimin-
ish any changes that might occur in NO derived from
the lower respiratory tract.

Sampling from a mixing chamber at the expiratory
side of the mouthpiece during tidal breathing or via a
side-arm from the mouthpiece until steady-state levels
are achieved, has recently been applied in normal and
asthmatic children and children with cystic fibrosis aged
5-15 yrs [14, 16, 20].

It is recommended that an appropriate selection of
inert mouthpiece tubings and reservoir materials is made.
Rubber that contains sulphydryl groups and may react
with NO must not be used. Attention should be given
to leaks or malfunctioning valves and tube fittings.

1. In adults and in children (from the age of 6 yrs), slow
exhalation from TLC through the mouthpiece against a
low resistance is preferable. For this measurement of
exhaled NO, subjects should be asked, after the inspi-
ration, to exhale slowly and steadily from TLC over 5—
30 s, with a target exhalation flow rate (10-15 L-min‘!),
through the mouthpiece tubing and with an internal

restrictor in the breathing circuit to allow for exhalation
with a low resistance, 5-20 cmH,0. Expired air is sam-
pled via a side-arm tubing directly into the analyser for
NO measurements. Noseclips should not be worn.

During expiration, the first wash-out volume of expired
gas (0.75 L), representing the anatomical and mechani-
cal dead space [47] and contaminated with nasal and am-
bient NO, and therefore associated with a peak in NO
values during the early part of exhalation (fig. 2), must not
be used for assessments of lower airway NO. If the VC
is <2 L, the wash-out volume may be reduced to 0.5 L.

The plateau level of the last part of exhalation should
be taken (fig. 2). These values of exhaled NO, corre-
sponding to the plateau of end-exhaled CO,, reading
(5-6% CO,) have been identified as representing the
lower respiratory tract samples by direct sampling from
the lower airways via a bronchoscope [9, 10]. The plateau
NO readings also have the advantage of being inde-
pendent of the inhalation route, via the nose or mouth
[31], as the first part of exhalation, contaminated with
nasal NO, can be ignored.

For the same reason, exhaled air collected into a reser-
voir, will inevitably contain a mixture of exhaled and
nasal air, unless a system of valves (made of inert mate-
rial) and electrical triggers is applied to separate the last
part of expiration and this will increase the cost and
complexity of the procedure.

2. In children younger than 5 yrs and infants, or in adults
who are unable to maintain steady-state exhalation dur-
ing a slow exhalation manoeuvre, the tidal breathing
method with or without consequent reservoir collection,
standardized by expiratory flow, volume and time of the
collection is the measurement of choice.

3. Another option for NO measurements in children is
"a balloon technique", successfully used in Sophia Chil-
dren's Hospital, University Hospital, Rotterdam by R.
Jobsis and J. de Jongste (personal communication), where
exhaled NO can be measured using Mylar (NO-imper-
meable material) balloons. Balloon filling requires some
positive pressure, hence preventing contamination with
nasal NO, and can be standardized. Children are asked
to take a deep breath and inflate the balloon via a mouth-
piece of a certain diameter in one breath. Two or three
balloons may be inflated for duplicate or triplicate mea-
surements. The balloon will be then sealed and brought
to the analyser, and NO will be measured by breaking
the seal and sampling air directly from the balloon.

Comparisons between these methods are needed.

3.3 Interval between measurements. It is generally rec-
ognized that 2-3 breaths would eliminate any excess of
NO accumulated during 5-30 s of exhalation. It is rea-
sonable to expect that an interval of at least 1 min bet-
ween tests may be sufficient in normal subjects and even
in patients with severe maldistribution of ventilation.

It is recommended that an interval of 1 min for nor-
mal subjects and at least 2 min for patients with severe
maldistribution of ventilation should be allowed between
tests to allow adequate elimination of NO between the
manoeuvres.

The subject should remain seated during this interval.
In patients with obstructive airway disease, several deep
inspirations during this period may help to ventilate the
lungs.
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4. Nasal NO measurements

There are two main approaches to nasal NO assess-
ment: 1) use of a NO-free air stream infused into one
nostril at a certain flow rate and exiting from the other
nostril, where it is analysed, during mouth breathing or
breathholding; and 2) direct sampling from the nose with
an airstream generated by the analyser, whilst mouth or
nasal breathing or breathholding.

Nasal NO measurements are also flow-dependent [40],
and the importance of the dilution of nasal NO with the
air from the lower airways cannot be overestimated.
Thus, mean(xsem) nasal NO levels in healthy children
when sampled from the nose during tidal breathing
through the mouth were 239420 ppb, and were only
2149.1 ppb during tidal nasal breathing [14]. High nasal
levels of NO have been detected during direct binasal
sampling (394123 ppb) whilst mouth breathing and via
a bronchoscope directly from the nasopharynx (334+52
ppb), but were increased up to >1,000 ppb during breath-
holding when the soft palate was closed [42], or up to
1.520.2 ppm after the nasal cavities were occluded for
120 s [48]. The use of an airstream of 2-5 L-min-! through
the nose, reduced nasal NO levels down to 105 ppb dur-
ing mouth breathing and 140 ppb whilst breathholding
[5]. Direct nasal sampling during breathholding with a
closed soft palate gave nasal NO values of 270+£37 ppb
[27] at a flow rate of 700 mL-min-! and 996239 ppb [10]
at a flow rate of 250 mL-min-!.

Recent publications have shown that direct nasal NO
sampling during breathholding in adults [10, 26] and
children [14, 16] may be a preferential technique, as
breathholding keeps the soft palate closed [35], hence
preventing mixing of nasal NO with lower airways NO.
Soft palate closure has been confirmed by the absence
of an increase in CO, during sampling, even though
there is a low (<1%) plateau CO, level representing a
residual CO, coming out of the sinuses [10].

It is recommended that nasal NO be measured with
a probe inserted into one of the nares, whilst the sub-
ject breathholds, i.e. with no active exhalation. Subjects
should be relaxed during a breathholding manoeuvre
and maintain a full inspiratory position, with the mouth
closed without straining. Closure of the soft palate will
allow analysis of the local NO concentration, with free
flow of ambient air or NO-free air from one nostril to
the other and subsequent direction into the analyser. The
value of the last plateau part of the trace of nasal NO
should be recorded (fig. 3).

The optional monitoring of CO, levels in the nasal
gas sampled might be the simplest and most effective
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Fig. 3. — Schematic illustration of nasal nitric oxide (NO) mea-

surement. ppb: parts per billion.

way to confirm closure of the soft palate, hence improv-
ing reproducibility of the test.

The use of nasal decongestants should be avoided
prior to measurements, since these have been shown to
acutely reduce nasal NO concentrations [49].

5. Factors influencing NO measurements

5.1 Height, weight, age and sex

Although no relationship has recently been found
between size and exhaled NO measured in the trunk of
Asian elephants [50], human data are rather more con-
flicting. No significant correlation has been reported
between body weight or body surface and exhaled NO
levels in either sex [51]. However, in a preliminary study
of 36 subjects aged 20—64 yrs, a significant correlation
was found between exhaled NO, expressed as NO release
per square metre of body surface area (nl-min-!-m-2), and
body surface area [52]. Although, it was observed that
there was a 30% increase in peak nasal NO levels mea-
sured after the sampling gas flow was stopped for 120
s, between 1 and 24 h of age, in 13 healthy newborn
infants [48], there are so far no published data avail-
able concerning age effects on normal NO values in
adults and children. It has been reported that higher lev-
els of exhaled NO in males measured on one occasion
(median 34 ppb, 95% confidence intervals (95% CI)
31-58 ppb), compared with females measured on three
occasions during the menstrual cycle (median 20 ppb,
95% CI 16-32 ppb) [51]; however, studies of better
design are needed to specifically address this question.

5.2 Water vapour

Water vapour and CO, might quench the chemilumi-
nescence measurements [53, 54], but their influence in
respiratory concentrations has not yet been sufficiently
studied. There is evidence, however, that saturation with
water vapour leads to a systematic underestimation of
exhaled NO levels, but the influence of CO, in the res-
piratory range is negligible (T.W. van der Mark, 1996,
personal communication). More research is needed in
this area.

5.3 Physical exercise

In normal subjects, exercise caused a nonsignificant
increase in exhaled NO, measured by the single-breath
technique, whereas voluntary hyperventilation caused a
reduction or no change in exhaled NO levels [55], but
increased NO in the mixing chamber at the expiratory
side of a T-valve [56]. However, when expressed as rate
of NO release (pmol-min-!-kg-1), a reversible significant
increase in exhaled NO was found during exercise, cor-
relating with the heart rate but not with the respiratory
changes. Recently, increased exhaled NO output during
exercise was found to be more closely related to increa-
sed ventilation than to increased blood flow [52]; and
nasal NO-release was reduced by acute physical exer-
cise [40, 57]. Therefore, physical exercise might mod-
ulate the release of NO from the respiratory tract, but
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the mechanisms of these reversible changes, as well as
a technique for NO measurements during exercise, require
further investigation.

5.4 Respiratory pattern

A specially designed sampling device has been used
during tidal breathing in normal subjects to monitor the
concentration of NO separately in the initially exhaled
200 mL fraction of exhaled air (F,), representing more
gas derived from airways, after dead-space volume was
discarded, and in the remainder of exhaled air (F,), rep-
resenting more alveolar gas [58]. The concentration of
NO in F| was consistently higher than in F,, with or
without intubation, suggesting the unique effect of res-
piratory pattern on the concentration of exhaled NO,
and that the NO concentration detected in exhaled air
comes mainly from the airway rather than from the alve-
oli. Furthermore, the effect of the breathholding mano-
euvre on the NO concentration of exhaled air was again
significant only in F.

5.5 Breathholding

Breathholding increases NO in the exhaled air in nor-
mal and asthmatic subjects in a duration-dependent man-
ner [7, 10, 56, 58]. There was a strong correlation between
the duration of breathholding and the peak of NO dur-
ing the early phase of exhalation [56]. Breathholding
also resulted in an initial peak of NO that was signifi-
cantly higher in asthmatics than in normal subjects [10].

High nasal NO levels detected during direct binasal
sampling whilst mouth breathing were increased from
over 390 ppb up to 21,000 ppb during breathholding
[42], or up to 1,500£2,000 ppb after the nasal cavities
had been occluded for 120 s [48].

5.6 Cigarette smoking

Cigarette smoking significantly reduces NO levels in
expired air of normal subjects [7, 18, 23, 45, 59], and
the reduction is related to the number of cigarettes cur-
rently smoked [59]. There is a chronic effect, reflected
by a lower level of exhaled NO when subjects refrain
from smoking for several hours, and an acute effect seen
immediately after smoking a cigarette [59]. The reduc-
tion in exhaled NO may be due to downregulation in
NOS caused by the high concentration of NO in ciga-
rette smoke.

5.7 Alcohol

Ethanol has an inhibitory effect on iNOS [60], and
therefore, perhaps, alcohol ingestion causes reduction
of NO in exhaled air [61].

5.8 Menstrual cycle and pregnancy

Although the lowest exhaled NO values were observed
just before and during the menses, a midcycle increase
in exhaled NO has been reported [62], and may reflect

cyclical hormonal changes in women. An increase in
the plasma nitrite/nitrate concentration has been shown
during the follicular phase of the cycle, and, in contrast,
a reduction in the luteal phase has been noted, even in
the presence of high oestradiol levels [63]. However,
there was no increase in exhaled NO or urinary nitrate
in the follicular phase of the cycle [64], and exhaled
NO concentrations were not significantly altered during
pregnancy [65].

5.9 Upper respiratory tract infection

Viral infection may induce the expression of iNOS
[4], and elevation of NO in exhaled air of normal and
asthmatic subjects with upper respiratory tract infections
(URTTI) have been found [66, 67]. Also, during episodes
of lower respiratory tract viral infection, elevated exhaled
NO levels have been reported [5], but so far the num-
ber of subjects studied to date is, perhaps, too small to
make a definite statement.

5.10 Diet and expelled air

L-arginine, given orally or intravenously to normal
subjects, increases exhaled [68] or nasal NO [26] in a
dose-dependent manner, but it is unlikely, given our pre-
sent knowledge, that normal dietary variation in L-argi-
nine influences exhaled NO measurements, unless subjects
are consuming substantial amounts of L-arginine from
health food shops.

NO levels in air expelled (belching) during fasting
were 6021107 ppb, and these levels increased fourfold
5 min after intake of lettuce [69].

The following recommendations are made:

1. Attention should be paid to the fact that water vapour
might lower the NO levels measured. Periodic flushing
of the tubing and the analyser's sampling system with
dry air and/or the use of water absorbers, filters and/or
heating elements are options. Manufacturers are encour-
aged to provide options for elimination of moisture,
without affecting NO measurements.

2. Subjects should be asked about their smoking habit.
3. Subjects should avoid alcohol for at least 4 h before
testing.

4. Females should be asked about their menstrual cycle.
5. NO measurements should not be reformed at the time
of URTI or up to 4 weeks following.

6. Subjects should be asked about their diet, especially
if they are taking food supplements containing L-argi-
nine, or a nitrate-rich or nitrate-restricted diet.

7. The exhaled NO measurement should be discarded
if the patient belches during the test as it might lead to
incorrect results.

6. Normal NO release in airways

6.1 Normal exhaled and nasal NO

There seems to be no consistent effect of age or gen-
der on exhaled NO from the lower respiratory tract, at
least in adults, but further studies are needed in this
area.
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Using the technique of slow exhalation against resis-
tance, and similar exhalation and sampling flow rates,
several groups have obtained mean(+sem) exhaled NO
values in normal subjects that are in good agreement:
810.8 ppb [1]; 74 ppb [35]; 7£1 ppb [10].

A single exhalation technique or direct nasal sampling
can also be used in children aged >5 yrs. Using a sim-
ilar technique of slow exhalation against resistance and
similar exhalation and sampling flow rates in children
aged 5-17 yrs, exhaled NO values were 4.8+1.2 ppb
(£sp) [14] and 4.8 ppb (95% CI 3.8-5.8) [16].

Nasal NO levels, measured with a probe inserted into
one of the nares, whilst the subject was breathholding
were 900—1,000 ppb in normal adult subjects [10, 42],
and 1,024 ppb (95% CI 896-1,151 ppb) in healthy chil-
dren aged 6-17 yrs [16].

Using the technique of a single exhalation into a reser-
voir, when the first contaminated part of exhaled air is
discarded or when an exhalation was against a resis-
tance, several groups have obtained exhaled NO levels
in normal subjects that are also in good agreement:
8.143.3 ppb [37] and 8.4£1.2 [9].

Recently, a technique that allows analysis of differ-
ent portions of exhaled air collected in a reservoir dur-
ing tidal breathing in normal subjects found NO levels
of 8.5£1.5 ppb in the last portion of exhalation [58].

For younger children and infants it may be necessary
to use a tidal breathing method, but nasal contamina-
tion may be a problem and further research is needed.

6.2 Expression of NO values

Most authors have expressed NO in ppb, derived from
NO-peak or NO-plateau concentrations measured in a
single exhalation or when it was sampled directly from
the nose during breathhold.

However, NO values may also be expressed as release
rate in pmol-s-!, Equation (1), or in nL-min-!, Equation

(2):
[NO] x Q'; = pmol-L-! - L-s"! = pmol-s-! (1)

[NO] x Q', = ppb-L'min’! = @)
10 x L-min’! = nL-min-!

where [NO]J=NO concentration in ppb; Q' ,=exhalation
flow in L-s'!; Q',=exhalation flow in L-min'!; 1 ppb
NO=40.908 pmol-L-! at normal temperature and pres-
sure, or 1 ppb NO gives 10 at ambient temperature
and pressure saturated with water vapour (ATPS).

7. Other inflammatory markers in exhaled air

Some other volatile substances may also be detected
in exhaled air. Thus, ethane and pentane (volatile prod-
ucts of lipid peroxidation) and hydrogen peroxide may
be used to detect oxidant stress in the respiratory tract,
and may also be useful as markers of inflammation
[70-72]. There are also reports of measurements of lipid
mediators (leukotriene B,) and cytokines (tumour necro-
sis factor-a) in exhaled air [73, 74].

8. Future directions

Chemiluminescence analysers are currently expensive
(US$18,000-96,000) and this limits the applicability of
the measurement in clinical practice. It is likely that
costs will come down with increased release of analy-
sers and that their size and portability can be improved.

Alternative techniques of detecting NO, such as elec-
trochemical methods, may be developed with appropri-
ate sensitivity and allow the development of smaller and
cheaper detectors.

Nitrite and nitrate can be measured in expiratory con-
densate [75] and in induced sputum, and this would be
a cheaper means of monitoring NO release in the lungs,
although with the disadvantage of a delay in obtaining
the results.

It is important that measurement of exhaled NO in
inflammatory lung diseases is compared with other mea-
surements of inflammation, including bronchial biop-
sies, bronchoalveolar lavage and inflammatory indices
in induced sputum. The measurement is extremely sen-
sitive in longitudinal studies, using pro- and anti-inflam-
matory interventions. Hence, this makes it very useful
for individual monitoring. The clinical utility of exhaled
NO also needs to be explored in longitudinal studies,
with repeated measurements in the same patients and
correlation with clinical parameters. Exhaled NO is
promising as a means of following the clinical control
of the disease, and in research for assessment of factors
that increase and decrease inflammation. Exhaled NO
may also be useful in epidemiological studies, although
the specificity of the measurement may be a problem.

It is clear that exhaled NO is a potentially important
measurement and the number of publications is rapidly
increasing. It is of the utmost importance that these mea-
surements are made under carefully standardized con-
ditions if the information is to be of value and if
comparisons of measurements between different labo-
ratories are to be made. We hope that the proposed rec-
ommendations for measuring exhaled NO will, therefore,
be of value and we intend to update them as more infor-
mation becomes available.
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