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There has been intense research into the role nitric oxide (NO)
playsin physiologic and pathologic mechanisms. The presence
of NO in exhaled breath and the high concentrationsin nasal
airways stimulated many studies examining exhaled and nasal
NO as potential markers of airway inflammation, enabling
repeated monitoring of airway inflammation not possible with
invasive tests (eg, bronchoscopy). In airway inflammation, NO
isnot merely a marker but may have anti-inflammatory and
proinflammatory effects. Nasal NO measurement may be used
in the noninvasive diagnosis and monitoring of nasal disease.
Thisreview was compiled by speakers who gave presentations
on NO at the annual meeting of the American Academy of
Allergy, Asthma, and Immunology in 1999 on exhaled and
nasal NO, in vitro studies of NO, the chemistry of airway NO
formation, and standar dized measurement of exhaled media-
tors. (J Allergy Clin Immunol 2000;105:438-48.)
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The action of endothelial-derived relaxing factor, a
vascular smooth muscle relaxant, was found to depend
on nitric oxide (NO) synthesis in 1987, leading to much
research into this mediator. There are now thousands of
publications about NO in diverse fields of medicine,
including allergic pulmonary disease. NO is produced by
NO synthases (NOS) of constitutive forms (CNOS) medi-
ating physiologic functions, and an an inducible form
(type Il NOS) (iNOS) is expressed in pathologic states
(eg, inflammation) (Table I). The cNOS forms include
membrane-bound endothelial NOS (eNOS or type |11
NOS), which produces NO in response to shear stresses
in the systemic and pulmonary circulation, and neuronal
NOS (nNOS), which isinvolved in central and peripher-
al neurotransmission. NO from cNOS diffuses to smooth
muscle and activates soluble guanylate cyclase, increas-
ing intracellular cyclic guanosine monophosphate
(cGMP), mediating relaxation.
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Abbreviations used
BALF: Bronchoalveolar lavage fluid
bNOS: Brain NOS
CF. Cydtic fibrosis
cGMP:  Cyclic guanosine monophosphate
cNOS: Constitutive NOS
eNOS: Endothelial NOS
FEyo:  Fractional concentration of exhaled nitric oxide
iNOS:  Inducible NOS
nNOS: Neurona NOS
NO: Nitric oxide
NO,~  Nitrite
NOs~ Nitrate
NOS: Nitric oxide synthase
NOx: Nitrogen oxides
OONO-:  Peroxynitrite

NONINVASIVE METHODS TO ASSESS
AIRWAY INFLAMMATION

Asthma is characterized by bronchial hyperrespon-
siveness, airway epithelial shedding, and inflammation.
Currently the only direct methods for assessing airway
inflammation, bronchial biopsy specimens, and bron-
choalveolar lavage fluid (BALF) are invasive. Noninva-
sive tests are needed, and candidates include induced
sputum analysis and measurement of exhaled mediators.
Of the volatile mediators, exhaled! and nasal NO2 have
been studied the most extensively, but studies of other
exhaled gases (eg, carbon monoxide) are also emerging.
The fractional concentration of exhaled NO (FEyg) is
high in asthmatic compared with nonasthmatic subjects
and falls after administration of inhaled or oral cortico-
steroids.3 This has led to the use of FEyg as an inves-
tigative and clinical tool in asthma and elucidation of the
role of NO in alergic inflammation (Fig 1).

BIOCHEMISTRY OF AIRWAY NO PRODUCTION
B. Gaston

Nitric oxide synthases in the lung.

De novo synthesis of nitrogen oxides (NOx) in the
lung requires at least one isoform of NOS, enzyme sub-
strates (ie, oxygen, reduced nicotinamide adenine dinu-
cleotide phosphate, and L-arginine), and cofactors
(tetrahydrobiopterin and flavoproteins).4 All NOS iso-
forms are active in the lung.57 Types | and II1 NOS
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FIG 1. A, Exhaled NO derived from lower respiratory tract may contain NO derived from the nasal and
oropharyngeal cavities. B, Exhaled NO derives from 2 compartments, namely, convection of alveolar NO
and diffusion of airway NO, driven by a wall-to-lumen concentration difference. Alveolar region contains
NO that is derived from that present in inhaled gas, NO diffusing into the inhaled gas stream from bronchial
tree, and NO produced from alveolar cells such as macrophages (M). However, NO is avidly taken up by
hemoglobin in pulmonary capillary blood; this explains the observation that alveolar levels are very low. C,
Endogenous NO derives from conversion of L-arginine (Larg) to L-citrulline (Lcit) by cNOS and iNOS. In the
airways NOS isoforms are found in many different cell types, including epithelium (iNOS and cNOS), nerve
cells and processes (NNOS), endothelium (eNOS), airway smooth muscle (ASM), and fibroblasts. Epitheli-
um is main site of iINOS induction in asthma, with production of large amounts of NO. This NO may be
exhaled as NO or undergo conversion in airway wall or airway lining fluid (ALF), for example, by reaction
with superoxide (O,") to form diverse metabolites. These include nitrosothiols (R-SNO) such as glutathione-
S-NO, which are bronchodilators, peroxynitrite (ONOO-), which cause widespread oxidative damage, nitrite
(NO,"), and nitrate (NO3").

(Table 1) are classically activated by mediator-signaled
calcium fluxes leading to calmodulin binding and are
present primarily in subepithelial neurons (type |) and
vascular endothelium (type I11),7 although expression
elsewhere (eg, type Il NOS expression at the epithelial
ciliabase) isimportant.8 In contrast, type || NOSistight-
ly bound to calmodulin after translation; its activity is
primarily transcriptionally regulated.45 It is inducible in
airway epithelial, vascular endothelial, and inflammatory
cells and produces levels of NOx cytotoxic to organisms
(eg, Mycobacterium tuberculosis).14.5

Exhaled NO levels certainly reflect NOS activity
because NOS inhibitors reduce FEy . This attenuation,
although gradual and incomplete, is reproducible across
species.19 Additionally, type | NOS knockout mice have
only ~60% of the FEyq of wild-type mice10 although
surprisingly type Il NOS knockout mice do not differ
from wild-type micein airway responsiveness after oval-
bumin challenge. Further, human studies have demon-
strated that FEy o falls after administration of aerosolized
aminoguanidine, a relatively specific type Il NOS
inhibitor.9 These observations suggest that NOS plays a
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TABLE I. NOS isoforms
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NO synthases Synonyms

Roles

Constitutive forms

Type | NOS Brain NOS (bNOS), neuronal NOS (nNOS)

Type lll NOS Endothelial NOS (eNOS), vascular NOS
Inducible forms

Type Il NOS Inducible NOS (iNOS)

Central and peripheral neurotransmission
Vasorelaxation

Proinflammatory actions, anti-inflammatory
actions, immunomodulation, antimicrobial action

critical role in producing FEyg and that each NOS iso-
form has a different contribution to FEyo in healthy and
diseased lungs.

NO capacitors in the airway. Recent evidence sug-
geststhat there are a variety of biologically relevant NOx
in human airways. For example, S-nitrosothiols, nitrate
(NO3), nitrite (NO,7), and peroxynitrite (OONO-) have
been identified in human BALF and condensed expi-
rates,11-13 and hydroxylamines are present in cystic fibro-
sis (CF) sputum (unpublished observations). Many of
these compounds, particularly NO,—, S-nitrosothiols, and
OONO- have complex metabolic pathways regulating
their concentrations and effects.14 These effects range
from bronchodilatation and augmented ciliary motili-
ty811 to modulation of apoptosis and mediation of host
defense.15-18 Of note, pulmonary NOx may originate
from or be transported to sites remote to the airway.

There is interconversion among the different NOx in
the lung.14 In this regard, more stable compounds may
attenuate or accentuate both FEy g and NO bioactivities,
depending on the airway chemistry associated with each
disease state. Four examples are provided. First, NO may
only be the principal product of NOS in the presence of
high concentrations of superoxide dismutase or, perhaps,
catalase.18-20 |n this sense, FEyo may reflect not only
NOS activity but also the activity of antioxidant enzymes
during airway inflammation. Second, NO reacts with
superoxide to form ONOO-; this may decrease FEy g and
increase sputum NO5~ concentrations in patients with CF
with airway neutrophil activation.2! Third, acute asthma
exacerbations are associated with acidification of lung
water (often to levels near the negative logarithm of the
acid ionization constant of nitrous acid, which is 3.2).
Under these conditions NO is evolved from inorganic
NO,-, which is normally present in the airway lining
fluid in micromolar concentrations.22 Indeed, acute asth-
matic airway acidification isassociated with afall inlung
water NO,~ concentrations that parallel increased FEyo
(unpublished observations). Fourth, levels of bron-
chodilator nitrosothiols are profoundly low in acute asth-
matic respiratory failure, despite a raised FEyo.23 In this
regard tracheal aspirates from these patients show accel-
erated breakdown of nitrosothiols ex vivo, and a variety
of enzymes have been described that may convert
nitrosothiols to NO and other lower-mass NOx.24 Taken
together, these observations suggest that FEy o measure-
ments do not necessarily uniformly and directly reflect
NOS activity but do reflect inflammation nonetheless.

Other biochemical parameters that may modulate

FEno. Prokaryotic “denitrifying” microorganisms in the
airways grow well in certain diseases (eg, Aspergillusin
asthma and Pseudomonas species in CF). These organ-
isms have metabolic pathways that use NOx as electron
acceptors in respiration. These pathways may decrease
concentrations of airway NOx,25 while increasing
reduced forms such as hydroxylamines, ammonia, and
urea. For example, therapy for Pseudomonas aeruginosa
in CF is associated with increassed FEy o, the opposite of
the observed effect of anti-inflammatory therapy in asth-
ma, and decreased sputum levels of ammonia. These
observations serve to warn against oversimplifying the
interpretation of a given FEygo measurement as simply
reflecting NOS activity.

INVITRO AND IN VIVO STUDIES OF NO IN
THE LUNG
Richard Robbins, MD

Assessment of NO production. Gaseous NO in exhaled
breath can be measured by diverse techniques, most com-
monly chemiluminescence (see last section). Similarly,
NO gas can be detected in the headspace above lung
epithelial cell cultures.2! However, NO is unstable in the
presence of oxygen and rapidly auto-oxidizesto avariety
of NOx. Therefore one strategy is to use NOx, including
NO,~, NOz~, OONO-, and nitrosothiols to indicate NO
formation. NO and oxygen react to form NO,~; NO,~
accumulation in cell culture supernatant fluids is com-
monly used to estimate NO formation and has been
detected in the culture supernatant fluids from a variety
of cells present in the lung. However, NO,~ is stable for
several hours in water and plasma but is rapidly convert-
ed to NOs~ in whole blood. Consistent with the high
FENo in asthma, NO,~ or NOg~ are also elevated in spu-
tum or BALF from asthmatic patients and the nasal
lavage fluid in rhinitis.26-28 Other indirect measures of
NO production include assessment of L-arginine/L-cit-
rulline conversion and cGMP formation.

Peroxynitrite. OONO—, an important oxidant generat-
ed by the interaction between superoxide and NO, is a
short-lived, highly reactive radical and rapidly reacts
with proteins, DNA, and lipids. OONO- causes nitration
of amino acids including cysteine, methionine, trypto-
phan, and tyrosine. Addition of a nitro group to the 3-
position adjacent to the hydroxyl group of tyrosine
residues by OONO- forms the stable product nitrotyro-
sine,29 which may alter protein function.30 Nitrotyrosine
isfound in the cell culture supernatant fluids and the cell
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layers of lung epithelium when superoxide is present?!
and aso in the BALF of asthmatic subjects.2”

The interaction with NO with superoxide may affect
FENo- Exhaled NO concentrations have been measured in
various disease states and are elevated in inflammatory
lung disorders such as asthma,31 perhaps directed by
inflammatory cytokines (see below). On the basis of prior
data showing increased amounts of inflammatory
cytokines in CF,3233 FEy, would be expected to be
increased in patients with CF. However, several studies
found FEy levels to be comparable to or less than in
healthy control subjects.3435 One possible mechanism is
that an increase in activated neutrophils in CF airways
rel eases superoxide, which combineswith NO to produce
OONO; the latter forms nitrotyrosine or decomposes to
NO5~. This hypothesis was tested in vitro by incubating
lung epithelia cells with stimulated polymorphonuclear
cells to generate increased amounts of superoxide. NO in
the headspace above the culture was decreased in the
presence of polymorphonuclear cells?l; however, NO5~
and nitrotyrosine were increased in the culture super-
natant fluids and cell layer. On the basis of this premise,
increased levels of NO5;~ and increased nitrotyrosine
would be expected if OONO-formation accounted for the
relatively reduced FEy g in diseases such as CF. Recently,
sputum NO5~ and nitrotyrosine in patients with CF were
found to be elevated compared with healthy subjects, con-
sistent with the concept that OONO- formation in the
lower respiratory tract lowers FEy .36

The formation of nitrotyrosine may have functional
significance. Current concepts suggest that chemokines
such asRANTES and IL-5 lead to eosinophil locomotion
by binding to receptors; tyrosine residues may be critical
in this binding. Chemotaxis of human eosinophils in
response to RANTES and IL-5 incubated with OONO~
and other compounds was evaluated in vitro. OONO-
and 3-morpholinosydnonimine, an OONO- donor, sig-
nificantly attenuated RANTES- and IL-5-induced
eosinophil chemotactic activity, suggesting that OONO~
may play a role in reducing eosinophil recruitment and
inflammation.3” However, it is unknown whether the
tyrosines of these chemokines are nitrated in vivo in dis-
orders such as asthma.

Regulation of NO production. Although many cells
may release NO, most studies have focused on bronchial
epithelial cell production in humans and on the type Il
NOS, which appears to be constitutively expressed by
bronchial epithelial cells but increased in disorders such
as asthma.38 Type I NOS expression is regulated in most
cells by cytokines. An in vitro study examining BALF
suggested that TNF-a and IL-1, in the presence of IFN-y
released by alveolar macrophages, wereimportant in reg-
ulating type Il NOS expression,3® whereas another sug-
gested that IL-4, in the presence of IFN-y, played an
important role.40 All these cytokines are increased in
BALF or cells obtained from asthma patients. Antigen
challenge increases FEy .41 Recently, the lower respira-
tory tract origin of the increased FEy o was confirmed in
asthma with use of endobronchial sampling and, addi-
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tionally, increases in NOs~ and nitrotyrosine were
observed, consistent with increases in NO and OONO-
formation in response to antigen.2?

EXHALED NO: ATOOL FORTHE
MANAGEMENT OF ALLERGIC
INFLAMMATION

R.T. Townley

Proinflammatory effects of NO in allergic inflamma-
tion. Eosinophiliais a hallmark of asthma, and the infil-
tration of eosinophils correlates with airway hyperre-
sponsiveness. Treatment with corticosteroids modestly
decreases airway hyperresponsiveness as well as
eosinophilia; the latter correlates with FEyq levels42 In
addition, NO is chemotactic to eosinophils, neutrophils,
and monocytes.4344 Direct chemotaxis assays performed
with use of a modified Boyden's chamber showed a sig-
nificant decrease in eosinophil chemotaxis after adminis-
tration of NOS inhibitors.4> Inhibition of NOS also
inhibits the late cutaneous reaction, which is mediated by
the influx of inflammatory cells.46 High concentrations
of NO may have effects on the immune system and the
inflammatory response. NO inhibits T1 lymphocytesin
mice and thus favors the development of a T2 response
with eosinophilia.4748 Epithelial expression of type Il
NOS is increased in asthma.38 In mice given NOS
inhibitors, alergic inflammation after ovalbumin sensiti-
zation and challenge was attenuated, demonstrating an
essential role for NO in the allergic process.49

NO metabolites (eg, OONO-) play a role in the
defense against infectious organisms, but they are also
cytotoxic.59 OONO- causes airway hyperresponsiveness
and airway epithelial damage, enhances inflammatory
cell recruitment, and inhibits pulmonary surfactant. Asth-
ma is associated with increased OONO- formation in the
airways, which may contribute to airway obstruction,
hyperresponsiveness, and epithelial damage in asthma;
OONO- levels fall after budesonide treatment.5! Inhibi-
tion of bronchoprotective effects of (3,-adrenoceptor ago-
nists by OONO- in guinea pig airways has been reported
by Kanazawa et al.52 This action of OONO- is directed
either at adenylate cyclase activity or at effects down-
stream of such activity.52

Asthmatic inflammation, type Il NOS, and cortico-
steroids. Increased expression of type Il NOS has been
shown in asthmatic bronchial epithelium.3851 This
increased expression in asthma, where proinflammatory
cytokines are present, is consistent with in vitro studies
showing that these same cytokinesinduce type Il NOSin
human bronchial epithelial cells.38 Exhaled NO is
increased severafold in patients with asthma, particular-
ly during exacerbations.31 Other conditions with a raised
FEno include viral respiratory infections,33 acute allo-
graft lung rejection,>* and collagen diseases with lung
involvement.55 In asthma, inhaled or oral corticosteroids
result in a rapid fall in FEyg to levels not significantly
different from those in nonasthmatic subjects.51,56-58 The
mechanism of reduction of FEy by corticosteroidsis by
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inhibition of transcription of type Il NOS through block-
ade of nuclear factor-kB and indirectly by reduced syn-
thesis of proinflammatory cytokines. The observation
that FEy g increases with the |ate allergic reaction is also
consistent with increased expression of type Il NOS in
response to proinflammatory cytokines.4l A similar
increase in FEyo occurs with exacerbations of asth-
ma®9.60 or when the dose of oral and inhaled cortico-
steroids is reduced.5” Kharitonov et al5’ demonstrated
that FEyo levels return to pathologic levels within 2
weeks of discontinuing inhaled steroid therapy, whereas
lung function tests results were unchanged. Serial mea-
surements of FEyg have shown that FEyo increased
when the dose of steroid was reduced and fell when the
dose was increased.®0 Because airway inflammation is a
corollary to increased asthma symptoms and airway
hyperresponsiveness, it may be plausible to use FEyo
levels to titrate and monitor the dose of inhaled steroid
therapy or other anti-inflammatory treatment. The rapid
change of this marker with therapy may also enable
adherence to therapy to be assessed. As adiagnostic tool,
in arecent study on chronic cough, FEyq discriminated
asthmatic from nonasthmatic subjects with a high sensi-
tivity and specificity.61

All the above observations together suggest that air-
way inflammation in asthma may be monitored by mea-
suring FEyo.

Utility of exhaled NO to monitor inflammation in
asthma. The measurement of FEyg is noninvasive and
can be performed repeatedly, even in patients with
severe asthma or respiratory infections, where it is not
possible to perform more invasive procedures. Asthma
symptoms, pulmonary function tests, and bronchodilator
use are the current mainstream assessment tools. It is
recommended that the dose of inhaled steroids be titrat-
ed on the basis of these parameters; however, these may
not be sensitive indicators of airway inflammation. Sont
et al®2 found that a treatment strategy aimed at reducing
airway hyperresponsiveness in addition to recommenda-
tions in the existing guidelines (reference strategy)
improved asthma control and reduced chronic airway
inflammation. This implies a role for monitoring of air-
way hyperresponsiveness or other surrogate markers of
inflammation such as FEyg that correlates with metha-
choline responsiveness and with sputum eosinophiliain
nonsteroid-treated asthma.3

Future studies should be directed to determine the cor-
relation of FEyo with more direct measurements of
inflammation such as bronchial biopsy and bronchoalve-
olar lavage and induced sputum. We need to know
whether measurement of FEyo will be useful in evaluat-
ing the anti-inflammatory effects of asthma drugs such as
leukotriene synthesis inhibitors, phosphodiesterase
inhibitors, and novel immunomodulators and the dose-
response effects of these agents. This is exemplified by
the ability of FEyq to discriminate the effects of budes-
onide 100 mg daily from budesonide 400 mg daily,64 not
achievable with other parameters such as methacholine
reactivity.
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NO IN THE UPPER AIRWAYS
J. O. N. Lundberg, MD, PhD

The presence of NO in human exhalate was first
demonstrated by Gustafsson et al! in 1991, and subse-
quently Alving et al5 showed that nasal air contained
considerable amounts of NO. Later studies clearly
showed that in freely exhaling healthy control subjects, a
major proportion of NO found in exhaled air originated
from the upper airways with only a minor contribution
from the lower respiratory tract.2.66

The exact origin of the NO found in nasal air and the
relative contribution from different sources within the
nasal airways are not fully known. High production of
NO takes place in the epithelium of the paranasal sinus-
es; this NO enters the nose through the sinus ostia and
may be the main source of nasal NO.67

Immunohistochemical and in situ hybridization stud-
ies indicate that healthy sinus epithelial NOS?7 is identi-
cal or very closely related to type || NOS as cloned from
activated human hepatocytes.68 Moreover, this sinus
NOS activity is predominantly calcium independent, an
attribute usually associated with type I1 NOS.%® Howev-
er, regulation of the expression and activity of sinus NOS
differs from what has been described for type 11 NOS.
This sinus NOS is constitutively expressed and is resis-
tant to steroids,67.69 properties normally associated with
the low NO output cNOS isoforms. Immunostaining has
shown only weak staining for type Il NOS in nasal
mucosa.’” Moreover, Ramis et al70 found only calcium-
dependent NOS activity in nasal mucosa from healthy
subjects, whereas type Il NOS was expressed in nasa
polyp epithelium.

Factors that influence nasal NO

Measurement technique. A standardized nasal NO
measurement technique is crucia for reproducible mea-
surements (see final section of this review).

Physiologic factors. Nasal NO was measured in
healthy subjects at different ages ranging from 0 to 70
years.57 Interestingly, nasal NO was present already at
birth and subsequently Schedin et a7 found significant
nasal NO levelsin neonates, including those delivered by
cesarean section. There is no published evidence for sex
differences in nasal NO; nasal NO has not been studied
in relation to the menstrual cycle. NO output in the nasal
airways is acutely decreased by heavy physical exer-
cise.’2 This cannot be explained merely by dilution of
nasal air as aresult of changesin nasal cavity volume or
increased ventilation but has been attributed to a reduc-
tion in the blood flow in the mucosa of the nasal airways
with a concomitant decrease in substrate supply to the
high-output NOS in the paranasal sinuses.

Nasal NO in pathologic states. In children with Karta-
gener's syndrome, a triad consisting of sinusitis,
bronchiectasis, and situs inversus, nasal NO levels are
extremely low compared with those in healthy age-
matched control subjects (Fig 2).2 Similarly, nasal NO is
lower than controls in subjects with CF.35 Baraldi et a3
found low nasal NO in a group of children with acute
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FIG 2. Nasal NO in different disease states.

sinusitis; nasal NO increased after treatment with antibi-
otics. Thus nasal NO is lower in sinus disorders, but it
remains to be determined whether this is a result of
reduced passage of sinus-derived NO to the nasal cavity
caused by sinus ostia blockage or whether sinus NO pro-
duction is decreased.

Consistent alteration of nasal NO in patients with
rhinitis of different etiologies has not been fully estab-
lished. Some investigators report higher nasal NO in
patients with allergic rhinitis.”475 In one study nasal NO
decreased after treatment with nasal topical steroids.”4 In
contrast, Lundberg et al35 found no alterations in nasal
NO in children with perennia rhinitis. The reasons
underlying these discrepancies are unknown. Perhaps
type Il NOS expression is up-regulated in the nose dur-
ing rhinitis as in asthmatic lower airways.38 This would
explain the higher levels of nasal NO in some studies. On
the other hand, swelling of the nasal mucosa in rhinitis
might lead to partial blockage of sinus ostia with less
passage of sinus NO to the nasal cavity.

Effects of medications. Early studies on topical nasal
corticosteroids reported no effect on nasal NO.2 In fact,
not even high-dose systemic steroids altered nasal NO.6°
Gerlach et al%6 suggested that bacteria in the nasophar-
ynx may induce nasal NO release. However, Lundberg et
a2 found no effects of systemic antibiotic treatment on
nasal NO. Moreover, newborn babies delivered by
cesarean section, with sterile nasal passages, had mea-
surable nasal NO levels as mentioned above.”! Therefore
nasal NO release seems to be independent of the pres-
ence of bacteria.

Topical nasal decongestants such as oxymetazoline
decrease nasal NO.76 The reason for thisis not clear, but
it has been suggested that the decrease in nasal-sinus

blood flow induced by these drugs leads to a reduction of
substrate supply to the high-output type Il NOS in the
sinuses. Indeed, substrate supply seems to be of impor-
tance for nasal-sinus NO release because intravenous
administration of L-arginine increases nasal NO levels.®?

Rinder et a6 found no effects of histamine and cap-
saicin on nasal NO. The NOS inhibitor (N®-nitro-L-argi-
nine methyl ester) has only minor effects on nasal NO
when it is administered topically.67.76 In contrast, Albert
et a7 found a decrease in nasal NO after intravenous
administration of N(G)-menomethyl-L-arginine, another
NOS inhibitor. This fits well with the theory that the
paranasal sinuses are the main source of nasal NO
because NOS inhibitors probably penetrate poorly to the
sinuses if administered topically but gain access to the
sinus mucosa if given intravenously.

Role of nasal NO. The exact roles of nasal NO are
unknown, but it is reasonable to believe that this pluripo-
tent biologic messenger is involved in many physiologic
as well as pathophysiologic eventsin the airways.

Host-defense. NO produced by white blood cells is
important in the killing of microorganisms; some bacte-
ria are sensitive to NO concentrations as low as 100
ppb.78 The presence of paranasal sinus NO concentra-
tions as high as 30 ppm67 supports the notion that NO is
involved in local host defense in the upper airways;
Lundberg et al have suggested that this NO keeps the
sinuses sterile under normal conditions. Accordingly, the
very low nasal NO in patients with Kartagener’s syn-
drome or CF7® may increase susceptibility to airway
infection. If correct, stimulation of endogenous NO pro-
duction could increase the resistance to airway infection
in patients with low nasal NO.2 It is not clear whether
NO acts directly on micro-organisms or by combination
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with other components to yield toxic reactive nitrogen
intermediates. NO may also contribute to local host
defense by stimulating ciliary motility because applica
tion of an NO donor in the nasal mucosa in humans
increased ciliary beat frequency.80

Proinflammatory and anti-inflammatory effects. NO
synthesis is clearly enhanced localy at sites of inflam-
mation, not only in asthma® but also in other inflamma-
tory conditions such as inflammatory bowel disease8!
and cystitis.82 Therole of NO ininflammation isfar from
clear, with some studies indicating a proinflammatory
and others an anti-inflammatory role. Proinflammatory
actions of NO may include activation of enzymes such as
cyclo-oxygenase or metalloproteinases. Moreover,
OONO-, formed from the reaction of NO with superox-
ide, can exert widespread toxic effects on tissues.83 The
harmful effects of NO have been attributed to the large
amounts of this gas produced by type Il NOS during
inflammation. However, the recent finding of constitu-
tively expressed type Il NOS in the nasal airways com-
plicates this picture because it clearly demonstrates that
the sole expression of type Il NOS and the subsequent
large production of NO is not associated with tissue dam-
age but may serve important protective functions as dis-
cussed above. Furthermore, in an animal model of colon
inflammation, McCafferty et al84 have shown that type I
NOS knockout mice develop worse inflammation com-
pared with wild-type mice.

Pulmonary effects of nasal NO. The therapeutic
effects of inhaled exogenous NO are being investigated
in pulmonary hypertension and adult respiratory distress
syndrome. Clear beneficial effects of inhaled NO on oxy-
genation and pulmonary artery pressure with NO con-
centrations as low as 10 to 100 ppb have been found.85
During normal breathing, endogenous NO is inhaled at
concentrations known to have vasodilatory effects in the
pulmonary circulation.266 Lundberg et al8 have shown
that nasal breathing reduces pulmonary vascular resis-
tance and improves oxygenation compared with oral
breathing in healthy subjects. Intubated patients are
deprived of the natural inhaation of nasal NO; supple-
mentation of nasal air to intubated patients treated with a
ventilator improved arterial oxygenation and reduced
pulmonary vascular resistance.

Clinical value of nasal NO measurements. Measure-
ments of nasal NO are noninvasive and easily performed
even in small children. Thelow nasal NO in patients with
chronic sinus disorders is of great interest.”® It is tempt-
ing to speculate that nasal NO measurements may be use-
ful inthe early diagnosis of sinus disorders. However, the
utility of nasal NO measurements in the diagnosis and
therapy monitoring of alergic rhinitis needs further eval-
uation. If nasal NO were a reliable marker of nasal
inflammation, this simple test could be used to monitor
patients with rhinitis of different etiologies. To fully eval-
uate the potential of nasal NO measurements in the clin-
ical setting, a standardized and reliable measurement
technique is essential. We also need to know more about
the different factors that influence nasal NO.
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THE STANDARDIZED MEASUREMENT OF
EXHALED AND NASAL NO
P E. Silkoff

Exhaled and nasal NO measurement has been ham-
pered by the variety of techniques used to measure FEy o,
resulting in widely varying values. A European Respira-
tory Society task force published guidelines in 1997,87
and an American Thoracic Society workshop, held in
Toronto in 1998, has reached consensus on preferred
methods to be used in the measurement of exhaled and
nasal NO in adults and children.88

NO measurement. The most widely used method of
measurement uses the principle of chemiluminesence.
Here NO in the sample is drawn into a reaction cell
where it is reacted with ozone, emitting light that is then
detected by a photomultiplier tube. Modern instruments
can measure fractional concentrations in the parts-per-
billion and even parts-per-trillion range.

Exhaled NO. Severa studies have demonstrated that
lower respiratory FEy g arisesin the airways by diffusion
from the airway wall to lumen.89%.90 For reproducible
measurementsiit is essential to exclude the large amounts
of NO that have been described in the supravelar airway.
This can be achieved by elevation of the velum during
expiration, which partitions the upper and lower air-
ways.91 Although there are several methods to achieve
velum closure (eg, voluntary elevation in trained individ-
uals), the most commonly used method is exhalation
against expiratory resistance while maintaining a positive
mouth pressure that is displayed to the subject. Velum
closure has been verified by demonstrating that nasal car-
bon dioxide remains low during the exhal ations.1

Exhaled NO levels vary markedly and inversely with
the exhalation flow rate.9! Alveolar NO levels appear to
be very low (<5 ppb) because of avid binding by hemo-
globin in the alveolar capillary bed.89 As alveolar gas
ascends the airway, it is conditioned with NO. Faster
exhalations result in reduced transit times in the airway
and therefore lower FEyo. Exhalation flow rate must
therefore be held constant for reproducible measure-
ments. Additionally, low flow rates (<100 mL/s) increase
FEno and are felt to amplify differences between health
and disease.

Online measurement refers to exhalations performed
with real-time display of FEyo and mouth pressure pro-
files. In offline measurement, exhalation proceeds into a
collection receptacle; the sample is then taken to the lab-
oratory for analysis. Offline NO measurements allow
measurements to be performed at sites remote from the
analyzer (eg, in the emergency department, in the work-
place/schooal, or at home).

Online exhaled NO. The subject inhales to total lung
capacity from a source of air containing levels of NO <5
ppb because ambient air NO levels can be much higher
than endogenous levels. Exhalation then proceeds
through an expiratory resistance while the subject targets
afixed expiratory mouth pressure.9! The combination of
fixed pressure and resistance creates a constant expirato-
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FIG 3. Three single breath profiles of exhaled NO and mouth pressure showing reproducible tracings. The
NO profile shows a washout phase followed by a steady plateau.

ry flow. The exhaation proceeds until a clear 3-second
plateau is seen on a NO profile versus time display (Fig
3). One acceptable configuration for performing the
exhalations is shown in Fig 4.

Offline exhaled NO. Subjects inhale to total lung
capacity and then exhale the entire vital capacity into an
apparatus that incorporates feedback of mouth pressure,
expiratory resistance, and aconstant exhalation flow rate.
The exhaateis collected into areceptacle (eg, Mylar bal -
loons, Tedlar bags, or any other storage container that
must guarantee acceptable stability of the NO concentra-
tion until analysis).92

Pediatric exhaled NO. Pediatric online and offline
measurements may be made with use of the same tech-
niques as those used for adults with the caveats that only
a 2-second plateau and at least 4 seconds of expiration
time are required for children less than 12 years old. Of
note, there is evidence that online and offline measure-
ments are strongly correlated and that it may be difficult
for many young children reproducibly to sustain a flow
of >50 mL/s.93 For younger subjects and those unable to
perform the maneuvers required for either conventional
online or offline collection, Baraldi et al® have pub-
lished extensively on atidal collection technique involv-
ing (1) oral breathing of NO-scrubbed air through 1-way
valves and (2) expiratory velum closure caused by end
expiratory pressure. This technique allows both for con-
tinuous online sampling and for offline sample collection
in aninert gas sampling bag. Theresults are highly repro-
ducible and demonstrate excellent sensitivity and speci-
ficity in identifying asthmatic infants and children.

Nasal NO. The measurement of nasal NO requires the
exclusion of lower respiratory tract NO and ambient NO
and a constant transnasal flow rate because nasal NO is
also flow dependent.5

The velum must be closed to exclude lower respirato-
ry tract NO. This can be achieved in several ways, but
one good method is to use the same exhalation against
resistance as described in the online FEy o method above.
Nasal gasis aspirated from one naris while NO free gas
is entrained via the other, at a constant flow rate. An NO
sample line entrains air from the exiting gas. The NO
profile shows arise to a NO plateau, which is the nasal
NO value recorded.

Factors that can affect exhaled NO. A number of fac-
tors that influence FEyo values need to be considered.
Ambient NO levels may be higher than endogenous lev-
els being measured. Ideally, subjects should inhale air
that contains low levels of NO (<5 ppb). Thisis particu-
larly important when collecting exhalate for offline mea-
surements. Age and sex show no apparent relationship to
the level of FEyo in adults, but FEyg increases with age
in children.96 Exhaled NO should be measured before
spirometry, which transiently reduces FEyo.97 Exhaled
NO rises after bronchodilator administration®” and falls
after bronchoconstriction.98 Therefore these factors need
to be controlled for; the time of last bronchodilator
administration should be recorded, as well as airway cal-
iber. The influence of food and beverages on FEy g needs
to be clarified because an increase in FEyg has been
found after ingestion of foods containing NO3~, such as
vegetables.® It is best to refrain from eating or drinking
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FIG 4. One configuration for measurement of FEyo with restricted breath technique.

for 1 hour before testing. NO is a major constituent in
cigarette smoke. Long-term smoking reduced FEyg in
cigarette smokers in addition to acute effects immediate-
ly after cigarette smoking.1%0 |nfection may also lead to
increased levels of FEyo°3; measurements may be
deferred until recovery or the presence of infection
should be recorded. During exercise FEyg and nasal NO
fall while NO output increases. It is therefore prudent to
avoid strenuous exercise for 1 hour before measurement
of NO. Finally, al current medication at the time of
FEno measurement should be recorded.
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