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Knowing is not enough; we must apply.
Willing is not enough; we must do.

Johann Wolfgang von Goethe (1749-1832)



Abstract

Measurement of fractional exhaled nitric oxide (FENO) has proven useful in assessment
of patients with respiratory symptoms, especially in predicting steroid response. The
objective of these studies was to clarify issues relevant for the clinical use of FENO. The
association between allergic sensitization and FENO among healthy subjects with no signs
or symptoms of airway diseases was studied in order to assess whether alergic
sensitization per se influences FENO. The association between airway inflammation and
bronchial hyperresponsiveness (BHR) in steroid-naive subjects with symptoms suggesting
asthma was examined, as well as the possible difference in this association between atopic
and nonatopic subjects. Influence of smoking on FENO was compared between atopic and
nonatopic steroid-naive asthmatics and healthy subjects. The short-term repeatability of
FENO in COPD patients was examined in order to assess whether the degree of chronic
obstruction influences the repeatability, and to assess the clinically significant change in
FENO in COPD patients.

For these purposes, we studied a random sample of 248 citizens of Helsinki, 227 army
conscripts with current symptoms suggesting asthma, 19 COPD patients, and 39 healthy
subjects. All subjects underwent FENO measurement, spirometry, and histamine and
exercise challenges; atopy was assessed by skin prick tests.

Among healthy subjects with no signs of airway diseases, median FENO values were
similar in skin prick test-positive (13.2 ppb) and -negative (15.5 ppb) subjects (p=0.304),
with the non-parametric one-tailed 95% upper limit of FENO respectively 29 and 31 ppb.
In atopic and nonatopic subjects with symptoms suggesting asthma, BHR to histamine
(HIB) did not significantly differ, but exercise-induced bronchoconstriction (EIB) was
more severe among atopic subjects (p<0.01). FENO associated with severity of EIB and
HIB only in atopic patients. FENO in smokers with steroid-naive asthma was significantly
higher than in healthy smokers and nonsmokers (p=0.001, both comparisons). Among
atopic asthmatics, FENO was significantly lower in smokers than in nonsmokers
(p=0.002), but with no difference among nonatopic asthmatics (p=0.89). However, even
among nonatopic asthmatic smokers, FENO was significantly higher than among healthy
subjects (p=0.01). In COPD patients, the coefficient of variation (CoV) for measurements
of FENO repeated after 24 h was 12.4% in COPD patients, and 15.9% in healthy subjects.
Among COPD patients with GOLD stage 2 disease, the CoV was 13.7%, and among those
with stage 3 or 4 disease, 10.5%.

These findings indicate that allergic sensitization per se does not influence FENO,
supporting the view that elevated FENO indicates NO-producing airway inflammation,
and that the same reference range can be applied to both skin prick test-positive and -
negative subjects. The significant correlation between FENO and the degree of BHR only
in atopic steroid-naive subjects with current asthma-like symptoms supports the view that
the pathogenesis of BHR in atopic asthma is strongly involved in NO-producing airway
inflammation, whereas in the development of BHR in nonatopic asthma other mechanisms
may dominate. Attenuation of FENO only in atopic but not in nonatopic smokers with
steroid-naive asthma may result from differences in the mechanisms of FENO formation
as well as in the senditivity of these mechanisms to smoking in atopic and nonatopic



asthma. The results suggest, however, that in young adult smokers, FENO measurement
may prove useful in assessment of asthmatic airway inflammation. The short-term
repeatability of FENO in COPD patients with moderate to very severe disease and in
healthy subjects was equally good. A change in FENO exceeding 24% is likely to reflect a
significant changein COPD.
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1 INTRODUCTION

Asthma and chronic obstructive pulmonary disease (COPD) are common diseases globally
and in Finland. Asthma affects approximately 6% of the Finnish population (Pallasaho et
al. 2002), and diagnosed COPD about 5%, with undiagnosed disease estimated to affect a
further 5% of the population (Laitinen et a. 1999). The prevalence of these diseases is
increasing due to an increase in alergic sensitization, continued use of tobacco, and aging
of populations.

Treatment of asthma by inhaled corticosteroids (ICS) aims at resolution of symptoms
and optimization of lung function. These indices, however, correlate poorly with airway
inflammation and bronchial hyperresponsiveness (BHR), the hallmark features of asthma.
Treatment strategies aiming at reduction of airway inflammation or BHR by monitoring of
sputum eosinophils (Green et al. 2002a) or monitoring responsiveness to methacholine
(Sont et a. 1999), in addition to lung function and symptoms, have resulted in better
asthma control. Unlike asthma patients, only a subset of COPD patients benefit from ICS.
However, differential diagnosis is not always clear-cut; these diseases may often coexist
(Marsh et a. 2008), or patients may present with symptoms and findings with features of
asthma or COPD but not fulfill the diagnostic criteria of either disease.

Although airway inflammation and bronchial hyperresponsiveness are closely related,
they represent different aspects of the airway disease, with their relationship possibly
changing over the course of the disease and its treatment. Atopic and nonatopic asthma
share these features, but some differences do appear in inflammatory profile and cytokine
production (Bettiol et al. 2000, Amin et al. 2000, 2005) as well asin the clinical profile of
the disease (Romanet-Manet et al. 2002). Whether these differences are aso reflected in
the relation between airway inflammation and BHR is unclear.

Since the first report of increased concentrations of nitric oxide (NO) in the exhaled air
of asthmatics (Alving et al. 1993), extensive research on fractional exhaled NO (FENO)
has provided the rationale for its clinical application. FENO correlates with eosinophilic
airway inflammation, and as eosinophilic inflammation is responsive to steroid treatment,
FENO may be regarded as a surrogate marker for steroid-responsive airway inflammation
irrespective of the exact diagnostic label (Taylor et al. 2006). The use of FENO in the
diagnostic work-up of patients with respiratory symptoms could result in better
recognition of those with steroid-responsive symptoms, thus helping in focusing
appropriate treatment on those who are most likely to gain benefit. FENO is easy to
measure, and the repeatability of the measurement is good in healthy subjects, and in
subjects with asthma or with respiratory symptoms suggesting asthma (Ekroos et al. 2000,
2002, Kharitonov et a. 2003). Good repeatability has been reported also in COPD patients
(Brindicci et al. 2005, Bhowmik et al. 2005, de Laurentiis et al. 2008). However, severe
obstruction could impair the repeatability; these studies have included only a small
number of such patients. Further studies are needed before assessment of clinically
significant changes in FENO in COPD patients during the course of the disease or in
response to steroid treatment is possible.

Furthermore, some other aspects of FENO remain unclear or controversial. Reports of
elevated FENO in subjects with alergic rhinitis without symptoms from the lower
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respiratory tract or atopic subjects even with no current respiratory symptoms (Horvéth &
Barnes 1999, Franklin et al. 2004, Olin et a. 2006) have inspired criticism of FENO’s
being merely a feature of atopy rather than of airway inflammation or airway disease.
Furthermore, smoking has been shown to reduce FENO in healthy and asthmatic subjects
(Kharitonov et al. 1995a, Verleden et al. 1999, Horvéth et al. 2004), compromising the
clinical value of FENO among smokers.

The present series of investigations were aimed at examining these unclear issues
relevant to the clinical use of FENO. Our study of a random sample of citizens of Helsinki
was part of the large epidemiological FinESS study (Meren 2005, Pallasaho 2006a,
Kotaniemi 2006, Kainu 2008), and was aimed at assessing the association between allergic
sensitization and FENO in healthy asymptomatic nonsmokers with no signs or history of
airway diseases, and at comparing this association among those with respiratory
symptoms or diagnosed airway diseases. Studies on steroid-naive army conscripts with
current symptomatic asthma aimed at establishing the relationship between airway
inflammation and BHR to both direct and indirect stimuli, as well as the influence of
smoking on FENO levels, and at assessing whether this relationship differs between atopic
and nonatopic asthma. In addition, we studied patients with stable COPD to assess
whether degree of chronic obstruction influences the repeatability of FENO, and to assess
clinically significant change in FENO in COPD patients.
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2 REVIEW OF THE LITERATURE

2.1 Exhaled nitric oxide

2.1.1 Overview

Nitric oxide (NO), one of the smallest biologically active substances, plays akey role as a
signal molecule in vital physiologic functions such as regulation of vascular tone and
modulation of neuronal function, and in host defense. Identification of the endothelium-
derived relaxing factor as NO earned the 1998 Nobel Prize in Physiology or Medicine for
Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad. In biological tissues, NO is highly
reactive, whereas in gaseous form it is fairly stable at low concentrations. It differs from
traditional transmitter molecules as it has no cell membrane receptors and is not stored
within cells but diffuses freely into the cells. Many of its biological effects are mediated
by the activation of guanylate cyclase. In addition, NO can interact with transition metals
such as iron, thiol groups, other free radicals, oxygen, superoxide anion, unsaturated fatty
acids, and other molecules. Its biological effects depend on its concentration. NO is
produced by awide variety of structural and inflammatory cells, including those involved
in asthma such as eosinophils, mast cells, epithelial cells, macrophages, and smooth
muscle cells (Moncadaet a. 1991, Y ates 2001a).

NO is formed endogenously from the amino acid L-arginine in a reaction catalyzed by
nitric oxide synthase (NOS). Three isoforms of NOS have been identified: endothelial
NOS (eNOS or NOSL), neuronal NOS (nNOS or NOS3), and inducible NOS (iNOS or
NOS2). The first two, referred to as constitutive NOS (cNOS), are responsible for the
physiological production of NO, yielding picomolar concentrations within seconds or
minutes in response to small rises in intracellular calcium concentration secondary to cell
activation. These low concentrations of NO regulate vascular tone, inhibit platelet
aggregation, and act as a transmitter in the non-adrenergic-non-cholinergic nerve endings
regulating various respiratory, gastrointestinal, and genitourinary functions (Moncada et
al. 1991, Yates 2001a). NO isimportant for the normal beating of airway epithelial cilia, it
also affects mucus secretion and plasma exudation and thus has an influence on
mucociliary clearance (Jain et al. 1993, Y ates 20014).

Activation of the inducible isoform of NOS (iNOS) results in production of much
larger amounts of NO in nanomolar concentrations for longer periods of time after cell
activation. Its activity is independent of calcium concentration and is regulated by
transcription factors, most importantly by nuclear factor kappa B (NF-xB), which is
activated by several proinflammatory cytokines, especially tumor necrosis factor-alfa
(TNF-a) and interferon-gamma (IFN-y), or microbial products (Y ates 2001a, Korhonen et
al. 2005). NO derived from epithelial cells and macrophages may be important in the
pulmonary host defense mechanism because of its antimicrobial activity (Nathan & Hibbs
1991, Y ates 20014). Increased FENO production may have an amplifying effect on airway
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inflammation, as NO can facilitate eosinophil chemotaxis to the airways or can enhance
eosinophil viability (Korhonen et a. 2005). NO may aso promote the development of
Th2 responses, because it reduces IFN-y production, thus allowing proliferation of Th2
lymphocytes (Y ates 2001a). The formation and effects of NO in airway inflammation are
presented in Figure 1. The gene for INOS is located in chromosome 17g11.2-g12 in a
region where a linkage with atopy and asthma has been reported, and polymorphisms in
the INOS gene have been reported to associate with severity of asthma and with
eosinophilia (Batra et a. 2007).

After its production, NO can be exhaled, metabolized to nitrate and nitrite, or can
interact with superoxide to form peroxynitrite. NOS is not the only source of NO, as NO
can also be generated nonenzymaticaly from several chemical sources such as S
nitrosothiols and organic nitrates (Marteus et al. 2005). NO is produced along the entire
airway, with hundred-fold higher concentrations derived from upper than lower airways,
with most of the NO from the upper airways produced in the nasal cavities (Lundberg et
al. 1996). This large NO production in the upper airways has to be taken into account in
the measurement technique in order to obtain NO levels representative of NO production
in the lower airways.

]
Macrophage > NO T e EXHALED NO :
LUMEN .
IL-1B+TNF-ox
T-celt IL-4+IFN-y Epithelial cell

s

MUCOSA 4 vasodilatation — Plasma leak

Bronchodilatation? ”‘

T Eosinophilic inflammation

Figurel Formation and effects of NO in airway inflammation (modified from Kharitonov &
Barnes 2001)
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2.1.2 FENO and airway inflammation

The beginning of NO research in airway pathology can be attributed to the report by
Gustafsson and co-workers in 1991 demonstrating that endogenous nitric oxide can be
measured in the exhaled air of experimental animals and humans. A higher amount of
exhaled NO in atopic asthma than in healthy subjects was first reported in 1993 (Alving et
al. 1993), followed by the finding of INOS expression in the bronchia biopsies of
nonsmoking steroid-naive atopic asthmatics, whereas it was amost absent in heathy
subjects (Hamid et a. 1993). Furthermore, normal bronchial epithelial cells were found to
express iNOS in response to stimulation with a cytokine, TNF-a (Hamid et al. 1993). An
inhaled alergen challenge in asthmatic patients has been shown not to change FENO
during the acute bronchoconstriction, but instead, a progressive increase during the late
response has been detectable, suggesting increased iNOS expression and consequently
increased NO production in response to inflammatory cytokines (Kharitonov et al. 1995b).
Asincreased levels of FENO have appeared especialy in asthmatics, numerous studies
have examined the correlation between FENO and airway inflammation assessed directly
in induced sputum, or bronchoalveolar lavage (BAL), or in endobronchial biopsies in
patients with asthma (Jatakanon et a. 1998, Horvath et al. 1998, Lim et a. 1999,
Piacentini et al. 1999, Jatakanon et al. 2000, Berlyne et a. 2000, Lim et al. 2000, van den
Toorn et a. 2001, Payne et al. 2001, Gronke et al. 2002, Jones et al. 2002, Warke et al.
2002, Berry et a. 2005, Mamberg et al. 2005). In order to evaluate the use of FENO as a
surrogate marker for eosinophilic airway inflammation in clinical practice, the greatest
interest has been focused on studies examining the association between sputum
eosinophilia and FENO. A significant correlation between FENO and sputum eosinophils
has been detectable in several studies (Jatakanon et al. 1998, Horvath et al. 1998,
Piacentini et al. 1999, Jatakanon et al. 2000, Berlyne et a. 2000, Jones et a. 2002, Gronke
et al. 2002, Berry et al. 2005, Malmberg et a. 2005), the largest study being by Berry and
co-workers (2005), in which a significant correlation appeared between FENO and sputum
eosinophil count in a study population of 566 stable asthmatics. In general, the strongest
associations have appeared among nonsmoking steroid-naive subjects with atopic asthma.

2.1.3 Measurement of FENO

Exhaled nitric oxide can be measured by a chemiluminescence method based on the
photochemical reaction between NO and ozone (0s) generated in the analyzer. The amount
of light emitted in the reaction, quantified by a photomultiplier, is proportiona to the
amount of NO in the exhaled air. The result is expressed as a fractiona concentration,
parts per billion (ppb). Measurements are usually performed online, meaning FENO
testing with areal-time display of NO breath profiles. Off-line measurements, meaning the
collection of exhalate into a suitable reservoir for delayed anaysis, are also possible but
seldom wused, because commercial portable hand-held analyzers using a rapid
electrochemical method have become available. The repeatability of FENO measurements
using a hand-held device has been shown to be good (Takalo et a. 2008). Some
differences in FENO results have been reported between different stationary analyzers
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(Borrill et a. 2006), whereas agreement has been good between measurements with hand-
held and stationary devices (Alving et a. 2006, Khalili et a. 2007). Most
chemiluminescence analyzers are sensitive to < 1 ppb of NO.

For the measurement, the subject is instructed to exhale from near-total lung capacity
against a flow resistor in order to close the soft palate and to avoid any contamination
from the high NO content of the nasal cavities. NO-free air (filtered room air, synthetic air
or 100% oxygen) is used for inhalation in order to avoid the influence of variations in
ambient air NO. Because breath-holding may elevate FENO, exhalation should then start
immediately, and it should last at least 6 seconds in order to alow the airway
compartment to be washed out and a reasonable plateau to be achieved. The plateau
concentration of FENO is defined as the mean concentration over a 3-second period
during the stable end-expiratory plateau. The exhalation procedure is repeated at least
twice, reproducible exhalations yielding plateau NO values that agree within 10%. The
result of the measurement is the mean of the plateau NO values of these repeated
measurements. When standardized techniques have been used, the repeatability of FENO
measurements has been good in healthy subjects (Ekroos et a. 2000, Kharitonov et al.
2003), both in nonsmokers and smokers (Bohadana 2008), in asthma (Ekroos et al. 2002,
Kharitonov et al. 2003), and in subjects with asthma-like respiratory symptoms (Ekroos et
al. 2002). Good repeatability has been reported aso in patients with COPD (Brindicci et
al. 2005, Bhowmik et al. 2005, de Laurentiis et a. 2008), but these studies have included
only a small number of patients with severe disease. Severe obstruction may impair the
subject’s ability to maintain the required flow or impair the diffusion of NO into the
exhaled air due to collapse of the bronchioles during exhalation. These issues must be
addressed for clinical use of FENO measurements in assessment of eosinophilic
inflammation or steroid response in COPD patients.

2.1.4 Factors influencing FENO

Exhalation flow rate is crucial for obtaining reproducible measurement. Increase in flow
rate results in decrease in exhaled NO concentration, as faster air flow through the
bronchial tree leaves less time for diffusion of NO from bronchial mucosa to the exhaled
air. Following the initia reports on increased FENO in asthma, a wide range of different
techniques have been used, and great efforts made to standardize the method. Three sets of
guidelines have been published: the first one by European Respiratory Society (ERS) in
1997 (Kharitonov et a. 1997), which recommended a flow rate of 10 to 15 |/min (167-250
mi/s). This was followed by the American Thoracic Society (ATS) guidelines in 1999
(American Thoracic Society 1999) and combined ATS/ERS recommendations in 2005
(ATS/ERS 2005), both of which chose a flow rate of 50 ml/s as a reasonable compromise
between measurement sensitivity and patient comfort. For reproducible measurements, the
variation in flow rate must remain between 45 and 55 ml/s during the time of the NO
plateau generation. Measurements with multiple flow rates can be applied to differentiate
between alveolar and bronchial components of FENO (Lehtim&ki 2003, Barnes et al.
2006).
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Spirometric maneuvers (Deykin et al. 1998, Silkoff et a. 1999, Deykin et al. 2000) and
bronchial challenges with direct and indirect stimuli (de Gouw et al. 1998) and sputum
induction with hypertonic saline (Beier et al. 2003) may transiently reduce FENO, and it is
thus advisable they be performed after FENO measurements (ATS/ERS 2005). The FENO
maneuver itself does not influence FENO levels (Silkoff et al. 1999). Non-enzymatic
production of NO in the oral cavity may influence FENO. Mouth rinsing with an alkaline
solution such as sodium bicarbonate or with an antibacterial mouth wash before the
measurement has been reported to rapidly and transiently reduce FENO (Zetterqvist et al.
1999, Marteus et al. 2005), but the duration of this effect is unclear. Current guidelines do
not advise on mouth rinsing before FENO measurement (ATS/ERS 2005). The influence
on FENO of prior caffeine consumption is controversial (Taylor et a. 2004), alcohol may
cause a slight decrease (Y ates et al. 1996, Jones et al. 2005), and ingestion of nitrite or
nitrate-rich foods a dight increase in FENO (Zettergvist et al. 1999); thus patients are
instructed to refrain from eating and drinking anything for one hour before FENO
measurements (ATSERS 2005). Influence on FENO of active and passive smoking and
smoking cessation is addressed in section 2.6. Respiratory tract infections may raise
FENO, with return to baseline level reported after 3 weeks (Kharitonov et al. 1995c,
Murphy et a. 1998). Most studies, athough not all, have found no circadian rhythm in
FENO, making it uncertain whether measurements need to be standardized for time of day
(ATS/ERS 2005).

Short-acting p2-agonists (SABA) may cause a dight, transient increase in FENO
(Yates et al. 1997, Silkoff et al. 1999), whereas no influence has been detectable with
long-acting p2-agonists (LABA) (Yates et a. 1997). Steroid treatment has no inhibitory
influence on the physiological NO production by constitutive NOS, whereas the increased
FENO in asthma produced by iNOS activity is dose-dependently reduced by steroid
treatment (Kharitonov et al. 1996a, Jatakanon et al. 1999a, Jones et al. 2002, Kharitonov et
al. 2002). This may be due to inhibition of iINOS expression, or inhibition of synthesis of
proinflammatory cytokines as well as reduction in the number of activated cells that
release proinflammatory cytokines in the airways (Kharitonov et a. 1996a). The
leukotriene receptor-antagonist montelukast (Bisgaard et a. 1999, Sandrini et al. 2003)
and the monoclonal anti-IgE antibody omalizumab (Silkoff et al. 2004) reduce FENO in
patients with asthma. Neither nedocromil (Carra et a. 2001) nor theophylline (Lim et al.
2001) has been found to reduce FENO.

The effects of gender, height or age on FENO have been conflicting. Severa studies
have reported lower concentrations in females, even when adjusted for height or weight
(Tsang et a. 2001, Olivieri et al. 2006, Taylor et a. 2007, Travers et a. 2007), whereas
others have found no difference between genders when other anthropometric factors are
taken into account (Olin et a. 2006, 2007). Studies by Travers and by Taylor reported
gender, atopy, and smoking status to influence FENO. The largest study, involving 3 376
adults, found FENO levels to be dependent on age and height, independent of gender
(Olin et al. 2007), and defined the upper limit of FENO as ranging from 24 to 54 ppb. A
summary of some suggested reference valuesin healthy adultsis givenin Table 1.
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Table 1. Summary of some suggested reference values for FENO

Upper limit of Flow rate
Authors reference value (ppb) | Subjects (ml/s) Comments

adult

Ekroos et al. 2000* <12 nonsmokers| 90-120
equation: Ln (FENO) =

adult 0.057 + 0.013 x height (cm)
Olin et al. 2007 24.0-54.0 nonsmokers 50 + 0.0088 x age (yrs)
Trawers et al. 2007 <41.1 adults 50

* presented for interpretation of the results in Studies Il and I

Not only is eosinophilic inflammation or asthma known to influence FENO. Increased
FENO levels have been reported in other inflammatory lung diseases such as allergic
alvealitis, fibrosing aveolitis, bronchiectasis, bronchiolitis obliterans syndrome in lung
transplants, and decreased levels in cystic fibrosis and in primary ciliary dyskinesia, as
well as in pulmonary hypertension; in sarcoidosis results are conflicting (Kharitonov &
Barnes 2001). FENO in COPD is addressed in section 2.5.

2.2 Atopy

2.2.1 Overview

The word “atopy,” coming from the Greek, meaning “specia” or “unusual,” was
introduced in 1923 (Coca & Cooke 1923). Atopy was considered to be hereditary, limited
to a small group of patients, clinically characterized by hay fever and bronchial asthma,
and associated with immediate-type (wheal-and-flare) skin reactions. The current
definition of atopy as proposed by the Nomenclature Review Committee of the World
Allergy Organization reads as follows: “Atopy is a personal and/or familial tendency to
become sensitized and produce IgE antibodies in response to ordinary exposures to
alergens, usually proteins. As a consequence, these persons can develop typical
symptoms of asthma, rhinoconjunctivitis, or eczema’ (Johansson et al. 2004). A 2001
position paper from the European Academy of Allergology and Clinical Immunology
(EAACI) recommended that “a hedthy asymptomatic person with a positive skin prick
test or the presence of specific IgE antibodies should be referred to as “skin prick test-
positive’” or “IgE sensitized,” and the term atopic reserved for a person with this
predisposition who is suffering from typical allergic symptoms’ (Johansson et al. 2001),
whereas the revised nomenclature report concludes that “atopy isaclinical definition of an
|gE-antibody high-responder, and allergic symptoms in a person of the atopic constitution
may be referred to as atopic, as in atopic rhinitis’ (Johansson et al. 2004). According to
this recommendation, also the term “atopic dermatitis,” which is frequently used to
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describe eczema with certain clinical characteristics, should be restricted to those in whom
|gE-sensitization can be detected (Johansson et al. 2004).

Atopy is a hereditary trait: If both parents are atopic, the risk of child’s developing an
IgE-mediated alergy is 40 to 60%. If neither parent is atopic, the risk used to be
considered 5 to 10%, but the percentage is increasing (Johansson et a. 2001).
Associations have been found between several gene loci and asthma and high IgE levels
(Laitinen et al. 2001), but no specific genetic markers for atopy have been identified,
suggesting that atopy is a polygenic disorder (Johansson et al. 2001). Recent studies have
reported mutations in the filaggrin-protein gene as resulting in impaired skin barrier
function predisposing to atopic dermatitis and asthma (Holloway et al. 2010). The wide
range in reported prevalence rates of atopic sensitization may depend on the study
populations, differences in performing skin prick tests and reading the reactions,
differences between alergens and in the potency of allergenic extracts (Baldacci et a.
2001). The prevalence of atopic sensitization in Helsinki, Finland, as based on skin prick
test results, has been reported to be high, with 57% of subjects aged 26 to 39 being
sensitized to at least one allergen, and 42% of those sensitized responding to at least four
alergens (Pallasaho et al. 2006b). However, approximately 40% of the skin prick test-
positive subjects in the Finnish adolescent population have been asymptomatic (Haahtela
et a. 1980, Kilpeldinen et al. 2001).

Atopic sensitization is not a sign of a disease, but it bears the risk for development of
typical alergic diseases such as alergic rhinitis or asthma. Skin prick test-positive
subjects have been reported to be about three times as likely to develop asthma, and have
more than twice the risk for allergic rhinitis of skin prick test-negative subjects (Settipane
et al. 1994). Multiple sensitization carries further increased risk, and it associates strongly
with physician-diagnosed asthma, wheezing, and allergic rhinoconjunctivitis (Pallasaho et
al. 2006b). The presence of atopy may facilitate the development of exercise-induced
bronchoconstriction (EIB). The degree of atopic sensitization indicated by atopy score has
been shown to correlate significantly with degree of EIB (Koh et al. 2002). The Koh study
used an extensive panel of 53 allergens and defined as a positive response a wheal size of
>4 mm.

2.2.2 Assessment of atopy

Atopic sensitization can be assessed either by skin prick test or by measurement of IgE in
a blood sample. Allergen-specific IgE is preferable to total IgE, which is significantly
influenced by age, sex, smoking habits, and ethnicity (Baldacci et al. 2001). Allergen-
specific IgE in a blood sample is considered positive if the level is higher than the lowest
detection limit of the assay. In the skin prick tests, an interaction is artificially created
between the allergen and the IgE bound to mast cell receptors in the skin. The selection of
a reaction size regarded as positive is a compromise between acceptable levels of
sengitivity and specificity. Usually a reaction size > 3 mm in diameter is considered
positive, and subjects with at least one positive reaction regarded as skin prick test-
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positive (Dreborg 1989, Dreborg & Frew 1993). A decrease occurs in skin prick test
reactivity with aging (Barbee et al. 1981), due to either a real decline in immunologic
reactivity because of aging or to a decrease in the ability of the skin to react to
immunological challenges (Baldacci et al. 2001). Dermographismus, present in 3 to 5% of
the population, prevents interpretation of skin test results.

The number of allergens or specific IgEs required for a panel alowing identification of
al atopic subjects in a population is uncertain. The NHANES 2005-2006 study reported
that approximately 92% of atopic subjects were identifiable by six specific IgEs, but to
increase identification to more than 99% required eleven specific IgEs (Gergen et al.
2009). The ERCHS study on 20- to 44-year-olds concluded that seven allergens in a skin
prick test panel would identify aimost all the sensitized subjects (Bousquet et a. 2007),
but their definition of a positive response as a wheal size > 0 mm differs from the
guidelines. This cut-off level of > 0 mm, however, has been assessed in a recent study to
be best at identifying those with allergen-specific IgE in epidemiological studies
(Bousquet et a. 2008). In addition to the dichotomized results, the quantification of
allergic sensitization has also been applied based on atopy score by summing up the wheal
diameters of each positive reaction (Miles et al. 1995, Koh et al. 2002) or by summing up
specific IgE values (Soderstrom et al. 2003).

2.2.3 Atopy and FENO

Whether atopic sensitization per se, without the manifestation of any alergic airway
disease, may lead to increased FENO has been a matter of debate. Studies based on
general population samples have generally found FENO to be higher in atopic than in
nonatopic subjects (Salome et al. 1999, Franklin et al. 2004, Olin et al. 2006), and atopic
subjects without asthma or asthma-like symptoms but with allergic rhinitis have also
shown increased levels of FENO (Henriksen et a. 1999, Gratziou et al. 1999). Study of a
heterogeneous population of 115 subjects found higher FENO levels in skin prick test-
positive than in skin prick test-negative subjects (Franklin et al. 2004). Although all
subjects were asymptomatic at the time of the study, 26% had physician-diagnosed
asthma, 17% reported wheezing during the previous year, and 17% had increased
bronchial responsiveness; thus they did not represent a healthy population. A large
general-population study found atopy as being a significant predictor of FENO even after
exclusion of subjects with asthma or current asthma symptoms during the previous month
(Olin et al. 2006). However, this study population also included subjects with a history of
chronic or recurrent respiratory symptoms, and atopy was defined by measuring total IgE.
Horvath and Barnes (1999) found higher levels of FENO in skin prick test-positive than in
skin prick test-negative healthy asymptomatic subjects. The majority of the 15 atopic
subjects included in the study, however, had mild to moderate bronchial
hyperresponsiveness on methacholine challenge.

Salome and co-workers (1999) found higher FENO in skin prick test-positive than in
skin prick test-negative young adults without current symptoms (wheeze within 12
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months) or bronchial hyperresponsiveness in histamine challenge. In that study, however,
the flow rate of FENO measurement was not controlled, thus influencing the results. In
contrast, no significant difference in FENO was reported between 28 skin prick test-
positive and 22 skin prick test-negative heathy subjects with no symptoms or signs of
arway disease, no signs of airway obstruction in spirometry, and no bronchial
hyperresponsiveness in methacholine challenge (Berlyne et al. 2000). Equal FENO levels
have aso been detectable in 20 skin prick test-positive and 80 skin prick test-negative
healthy asymptomatic adults with no history of respiratory symptoms suggesting asthma
or rhinitis (Gratziou et al. 1999). A similar finding was also reported by Olin and co-
workers (2004) in a predominantly male population of 33 IgE-sensitized and 137 non-1gE-
sensitized bleachery workers with no reported asthma or rhinitis.

2.3 Bronchial hyperresponsiveness

2.3.1 Overview

Bronchial hyperresponsiveness (BHR) can be defined as “an increase in the ease and
degree of airway narrowing to inhaled bronchoconstrictor stimuli of chemical or physical
origin, leading to variability in airway obstruction” (Sterk 1993a). Bronchoconstrictor
stimuli are classified according to the main mechanism through which they induce airway
limitation. Direct stimuli such as histamine and methacholine act directly on bronchial
smooth muscle, causing it to contract and the airways to narrow. Indirect airway
challenges such as exercise, adenosine monophosphate (AMP), and mannitol induce
airflow limitation by acting on intermediary cells, which upon stimulation release
mediators that provoke smooth muscle contraction and cause secondary
bronchoconstriction (Sterk et a. 1993b).

BHR has been hypothesized to involve two at least semi-independent components: the
relatively fixed or persistent BHR and superimposed on this a component of variable or
episodic BHR (Cockroft & Davis 2006). The variable component is likely to be closely
associated with airway inflammation and to be reflected by indirect bronchial challenges,
whereas the underlying persistent component appears related to structural airway changes,
collectively referred to as airway remodeling. This includes subendothelial basement
membrane deposition of collagen, airway smooth muscle hypertrophy or hyperplasia, or
both, increased vascularity, and changes in extracellular matrix composition, leading to
increased contractility of the airway smooth muscle and increased airway wall thickness.
This persistent component of BHR may be slowly or incompletely responsive to anti-
inflammatory therapy, and is likely to be better reflected by direct bronchial challenges
(Cockroft & Davis 2006).

Given this background, athough BHR to direct stimuli may already show
improvement after a few days treatment with inhaled steroids (ICS) in mild asthma
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(Sovijarvi et al. 2003), BHR continues to improve with prolonged steroid treatment for at
least one year (van Schoor et al. 2005), and some degree of BHR may remain even during
long-term treatment with ICS (Brannan et al. 2007). In contrast, BHR to indirect
challenges has been shown to be more sensitive to ICS, because it appears to be related to
concentration of mast cells and eosinophilsin the airway (Brannan et al. 2007). In a study
on atopic asthma and steroid treatment, multiple regression analysis explained 40% of the
variability in BHR: 21% related to reticular basement membrane thickening, 11% related
to BAL epithelial cells, and 8% to BAL eosinophils (Ward et al. 2002). The Ward study
concluded that airway inflammation and remodeling in asthma are interrelated, and
improvement is achieved with ICS, but the changes are not temporally concordant; thus
prolonged treatment may be necessary for maximal benefit (Ward et a 2002). To what
extent each of these components, persistent and variable, influence BHR may change
during the course of the disease, as airway inflammation is suggested to precede structural
changes, which may represent a consequence of a chronic airway inflammation. A study
on 66 nonsmoking steroid-free subjects with mild to moderate atopic asthma found the
relationship between airway inflammation and BHR to depend on the asthma duration: a
significant correlation emerged between FENO and BHR to methacholine in patients with
duration of the disease < 16 years, whereas no significant correlation appeared between
these parameters in subjects with longer-duration disease (Gronke et al. 2002).

Bronchial hyperresponsiveness is not specific for asthma; mild BHR may be present
also in COPD as well as in smokers. Asymptomatic BHR has been demonstrated in
epidemiological studies, being more frequently observed in subjects with atopy, in
members of families with asthma, in those exposed to tobacco smoke, and in women
(Boulet 2003). Its significance is uncertain, as some follow-up studies have found it to be
a risk factor for development of asthma (Laprise et a. 1997, Brutsche et al. 2006),
whereas some have not (van den Nieuwenhof et al. 2008).

2.3.2 Assessment of bronchial hyperresponsiveness

2.3.2.1 Direct bronchial challenges

Direct airway challenges cause airflow limitation by acting directly on effector cells,
predominantly on airway smooth muscle but also on mucus glands and on airway
microvasculature without involving intermediate pathways. Direct stimuli include
cholinergic agonists (methacholine, acetylcholine, carbachal), histamine, prostaglandin D2
and leukotrienes C4, D4 and E4, with histamine and methacholine as the agents most
widely used (Sterk et al. 1993b). Response to the challenge is usualy presented as a
provocative dose (PD) or concentration (PC) that produces a 15 or 20% fall in FEV1, for
example PD1sFEV 1 signifying the provocative dose required to induce a reduction of 15%
in FEV1. Responsiveness to histamine and to methacholine has correlated significantly
with each other (Juniper et al. 1978, Juusela et al. 2008). The direct challenges have high
sengitivity for the diagnosis of asthma and will consequently identify most cases of
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asthma, even the mild cases. Direct challenges are more useful in excluding a diagnosis of
asthma than in establishing one because their negative predictive power is greater than
their positive predictive power; thus a negative response in general can be used to rule out
asthma (Crapo et a. 2000). However, the sensitivity and the specificity of the tests
naturally depend on the defined cut-off levels.

2.3.2.2 Indirect bronchial challenges

Indirect airway challenges induce airflow limitation by acting on cells other than smooth
muscle cells, for instance, inflammatory cells, epithelial cells, and neuronal cells which
upon stimulation release mediators, cytokines, or neurotransmitters that provoke smooth
muscle contraction and cause secondary bronchoconstriction. A wide array of mediators
are involved (histamine, leukotrienes, prostaglandins, acetylcholine, tachykins,
neuropeptides). Because the responses to these challenges are modified or even
completely inhibited by ICS, the airway response to these challenges may more closely
reflect active airway inflammation (Joos et a. 2003). Indirect stimuli include physical
stimuli such as exercise, nonisotonic aerosols (hyper- and hypotonic saline, distilled water,
mannitol), eucapnic voluntary hyperventilation of dry air, and pharmacological stimuli
such as adenosine monophosphate (AMP), tachykins, bradykinin, metabisul phite/SO2,
and propranolol (Joos et a. 2003). In clinical practice, exercise is the most widely applied
indirect stimulus, with use of mannitol probably increasing, now that mannitol capsules
and a dry powder inhaer have become commercially available. Eucapnic voluntary
hyperventilation is also useful in clinical practice. AMP has been used widely in clinica
studies.

Several mechanisms are involved in bronchoconstriction induced by indirect stimuli
(Figure 2). Exercise causes loss of water via evaporation from the mucosal lining of the
airway surfaces, which results in osmotic (increase in airway osmolarity) effects, which in
turn stimulate the release of bronchoconstrictor mediators mainly from mast cells and
epithelial cells (Joos et a. 2003). Increased urinary levels of mast cell markers have been
detectable in association with exercise-induced bronchoconstriction (EIB) in asthmatics
(O’'Sullivan et al. 1998). Vascular mechanisms caused by thermal effects (cooling and
rewarming) may contribute to bronchoconstriction independent of the release of mediators
(McFadden 1994). In addition, changes in airway osmolarity and temperature, as well as
the mediators released may also directly activate neural pathways, resulting in reflex
bronchoconstriction and increased microvascular permeability and edema (van Schoor et
al. 2000). The same mechanisms act in eucapnic voluntary hyperventilation of dry air
(Brannan et al. 2007). As for nonisotonic aerosols, their osmolarity appears to be the most
important determinant of the airway response (van Schoor 2000). AMP enhances the
release of a variety of inflammatory mediators from mast cells, exerting its action through
interaction with specific adenosine receptors, one subtype being present on the surface of
mast cells (van Schoor et al. 2005).
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Figure2  Mechanisms of indirect and direct bronchial challenges (modified from Brannan et
al. 2007)

Exercise is considered to be the most physiological of all stimuli used for challenge
testing. The major factors determining the occurrence and severity of exercise-induced
bronchoconstriction (EIB) are the level of the ventilation, the water content and the
temperature of the inspired air during the exercise, and the interval since exercise last
induced an attack of asthma. Usually the most sensitive way of provoking exercise-
induced bronchoconstriction in adult subjects is for them to exercise for 8 minutes at an
intensity that raises the minute ventilation to 40 to 60% of the predicted maximum
voluntary ventilation (Crapo et al. 2000, Joos et a. 2003). In the absence of a measure of
ventilation, as often is the case in a clinical setting, one substitute is a heart-rate target for
which 80 to 90% of the predicted maximum should be reached and maintained for the last
4 minutes of the exercise (Crapo et al. 2000, Joos et a. 2003). The most effective exercise
is hard and brief, and the target exercise intensity should be reached within 4 minutes,
because the prolonged warm-up period may induce refractoriness to EIB (Crapo et al.
2000). Appropriate post-exercise testing should include measurements 5, 10, 15, 20, and
30 minutes after cessation of exercise (Crapo et a. 2000). The maximal airflow limitation
isusually detected within 3 to 12 minutes after exercise, with spontaneous recovery within
30 minutes (van Schoor et al. 2000). The criterion for a positive response is controversial:
a reduction in FEV1 of 10% or more of the pre-exercise value is generally considered
abnormal (Crapo et al. 2000, Joos et a. 2003), whereas some authors suggest that a value

24



of 15% is more diagnostic of asthma, particularly if exercise has been performed in the
field. However, afall in FEV1 of 10% has been considered a reasonable criterion, because
healthy subjects generally demonstrate an increase in FEV1 after exercise (Crapo et al.
2000). The preferred modes of exercise are treadmill or cycle ergometer, but free-range
running has been considered useful for screening populations (Crapo et a. 2000).

As all the indirect challenges are thought to work by similar mechanisms, the
responses to indirect challenges can be expected to show good mutual correlation. Those
asthmatics with a positive response to exercise, AMP, or hypertonic saline have been
shown to be positive to mannitol, and asthmatics positive to saline and mannitol have been
positive to eucapnic voluntary hyperpnoea (Brannan et al. 2007). In mild cases, indirect
challenges will often be negative, whereas a positive response to indirect challenge is
highly specific to asthma. Indirect challenges may be better suited to assess therapeutic
efficacy and short-term changes in asthma control than direct challenges (Joos et al. 2003).
Exercise is the bronchial challenge test that most closely resembles the circumstances of
everyday life of an asthmatic subject. Although not very sensitive, an exercise test is
highly specific for the diagnosis of asthma, and is particularly useful in children, army
recruits, and athletes (van Schoor et a. 2000).

Direct and indirect challenges may have an influence on each other. When performed
after a methacholine challenge, the response to a mannitol challenge has been attenuated,
but when these two challenges were performed in the opposite order, the mannitol
challenge had no influence on responsiveness to methacholine (Gade et a. 2009).
Methacholine challenge has also been reported to blunt the response to subsequent
eucapnic voluntary hyperventilation (Hurwitz et al. 1994). A repeated or continued
exercise challenge can induce tachyphylaxis. 50% of patients are refractory to a second
exercise challenge performed within 60 minutes. Most lose this refractory state within 2
hours, but this occasionally takes as long as 4 hours (Crapo et a. 2000). Similarly,
repeated inhalation of AMP induces airway refractoriness. This refractoriness is likely to
be mediated through depletion of the mediators involved in bronchoconstriction (van
Schoor et al. 2000). Exercise challenge has had no influence on airway inflammation, as
assessed by induced sputum (Tateishi et a. 1996, Gavreau et al. 2000) or by FENO
(Scollo et al. 2000, El-Halawani et al. 2003).

2.3.3 Bronchial hyperresponsiveness, airway inflammation and FENO

If BHR is a combination of persistent BHR related to permanent or somewhat permanent
structural changes, and of variable BHR, more related to the inflammatory component, it
is understandable that the findings of the relationship between BHR and airway
inflammation have been inconsistent. Some studies have reported significant correlations
between eosinophilic inflammation assessed by sputum eosinophils or by FENO
measurement and BHR to direct stimuli (Dupont et al. 1998, Jatakanon et al. 1998, Lim et
al. 1999, Saome et a. 1999, Warke et a. 2002, Langley et a. 2003, Zietkowski et al.
2006); but some others none (Crimi et al. 1998, Y oshikawa et al. 1998, van Rensen et al.
1999, Polosa et al. 2000, Ichinose et a. 2000, Leuppi et a. 2001, Prieto et a. 2002a).
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When BHR has been assessed by indirect challenges in study populations of steroid-naive
subjects, correlations between these parameters have often been significant (Y oshikawa et
al. 1998, Polosa et al. 2000, Prieto et a. 2002a, Berkman et al. 2005, Porsbjerg et al.
2007). If asignificant correlation has appeared between eosinophilic airway inflammation
and BHR in steroid-naive subjects, the correlation is often lost when steroid-treated
subjects have been studied (Dupont et a. 1998, Lim et a. 1999, Leuppi et a. 2001).
Despite improvement in eosinophilic inflammation and in BHR during steroid treatment,
or during decreased exposure to allergens, no significant correlation between these
changes has been detected (van Rensen et al. 1999, Prieto et al. 2002b). This reflects the
fact that improvements in various aspects of airway pathology are not directly related to
each other and cannot be interpreted interchangeably.

A further discrepancy in the correlation studies can be caused by the subjects atopic
status. Most of the studies have involved only atopic subjects (Jatakanon et a. 1998, Crimi
et a. 1998, van Rensen et al. 1999, Polosa et a. 2000, Leuppi et al. 2001, Gronke et al.
2002, Prieto et a. 2002a, 2002b) or mixed populations comprising mainly atopic subjects
(Yoshikawa et al. 1998, Scollo et al. 2000, Langley et a. 2003), and the atopic status is
not always even assessed (Ichinose et al. 2000, Berkman et a. 2005), or the results have
not been presented separately for atopic and nonatopic subjects (Dupont et al. 1998,
Langley et a. 2003, Porshjerg et a. 2007). Data on comparative studies assessing the
correlation between airway inflammation and BHR separately in atopic and nonatopic
subjects are very limited (Ludviksdéttir et al. 1999, Zietkowski et a. 2006).
Ludviksdottirs study found a significant correlation between FENO and BHR to
methacholine in atopic but not in nonatopic subjects, whereas the study by Zietkowski and
co-workers found significant correlations among both atopic and nonatopic subjects, the
correlation being stronger among atopics. In the latter study, subjects were steroid-naive,
whereas in the former study, the majority were on steroid treatment. Most studies have
included only nonsmokers, but some studies also ex-smokers (Warke et al. 2002, Langley
et al. 2003, Porshjerg et a. 2007), and not always is the subjects smoking status defined
(Crimi et al. 1998, Ichinose et al. 2000, Berkman et al. 2005). This adds to the number of
factors possibly influencing the correlation results, as smoking history (current or former)
m