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KEY POINTS

e Bronchial hyperresponsiveness (BHR) probably represents several inherent elements of
the disease process, such as genetic predisposition, airway inflammation, and airway
remodeling.

Airway inflammation is thought to account for the transient and variable component of
BHR, although treatments targeting airway inflammation do not normalize BHR.

e The permanent or persistent component of BHR, particularly to direct stimuli, correlates

significantly with structural changes in the airway, such as basement membrane thickness

and epithelial damage.

Treatments significantly eliminating BHR are currently lacking.

e BHR, especially to indirect stimuli, could be a meaningful marker to monitor antiinflamma-
tory treatment efficacy.

INTRODUCTION

Bronchial hyperresponsiveness (BHR) is defined as a heightened bronchoconstrictive
response to airway stimuli. It complements the cardinal features in asthma, such as
variable or reversible airflow limitation and airway inflammation. To what extent the
mechanisms of airflow limitation, airway inflammation, and BHR overlap is still unclear,
and how these 3 components come together probably accounts for the wide vari-
ability of asthma as a disease.”? Although BHR is considered a pathophysiologic
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hallmark of asthma, it should be acknowledged that this property of the airway is dy-
namic, because its severity and even presence can vary over time, with disease activ-
ity, triggers or specific exposure, and with treatment.? In addition, it is important to
recognize that there is a component that is not reflective of a specific disease entity.
Indeed, BHR has been documented in asymptomatic subjects in the general popula-
tion and in other diseases, such as chronic obstructive pulmonary diseases, conges-
tive heart failure, cystic fibrosis, bronchitis, allergic rhinitis, and even in healthy
subjects.>® Whether its presence in these conditions indicates a common inflamma-
tory process is still poorly understood.

Bronchoprovocation challenges (BPCs), using pharmacologic or physical means to
evaluate BHR, have been used to serve a variety of purposes. The most common indi-
cation of BPC is when a diagnosis of asthma in either a clinical or a research (clinical
trials and epidemiologic) setting is in question (eg, in patients who have suggestive
symptoms but no documented airflow limitation). In general, the reliability of the test
is more useful in excluding a diagnosis than in confirming one, based on the higher
negative predictive value compared with its positive predictive ability.®” This is
more relevant in special situations, such as involvement in high-risk occupational
tasks and environmental exposure (eg, military, scuba diving); however, because of
the overlap in provocation doses causing a reduction in lung function at the time of
a challenge between diseased and healthy subjects, setting an absolute level to define
a diseased state is difficult.®

BPCs are also recommended in the evaluation of a patient suspected of having
occupational asthma® and exercise-induced respiratory symptoms.'® Assessment
of BHR can also be considered for patients who are suspected of having poor symp-
tom perception or for detecting peculiar physiologic features characteristic of certain
asthmatics, such as presence of “excessive” airway closure (characterized by lack of
plateau on the dose-response curve).'" In addition to the utility in complementing the
clinical diagnosis of asthma, which has the potential to reduce misdiagnosed or over-
treated patients both in primary care settings'? '3 and in patients with severe asthma,
BPCs have also become an important research outcome measure to monitor interven-
tion outcome and determine mechanisms underlying efficacy.! Finally, there is
increasing evidence that BHR can serve as a biomarker to monitor asthma control
and adjust antiinflammatory therapy with inhaled corticosteroids (ICSs).'#®

BHR is related to various measures of asthma severity,> %7 and it has also been
reported as a predictor of development of persistent asthma'8-2% and airflow limitation
in adulthood.?"?? These significant applications of BPCs make them a requirement
and in many instances the gold standard in the evaluation of asthma. Hence, it is
important to reflect on what these tests convey about asthma.

Central to the application and interpretation of BPCs is the understanding and stan-
dardizing of the numerous BPCs available. Recent evidence strongly suggests that
various commonly used BPCs differ in their potential to serve as inflammatory bio-
markers in relation to whether a direct (eg, methacholine and histamine) or indirect
(eg, exercise, adenosine, hypertonic saline, and mannitol) stimulus is used to assess
BHR. The response to a direct stimulus depends on the smooth muscle’s response to
the chemical, whereas in indirect challenges, the reaction is caused by the smooth
muscle’s responsiveness to the mediators induced by the stimulus. The information
obtained from numerous studies with BPCs has provided valuable insights into the
pathogenesis and pathophysiology of asthma and the relationships between airway
inflammation and BHR.

This article covers the relationships between BHR and airway inflammation and
highlights the gaps in our current knowledge relating to BHR in asthma.
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WHAT FACTORS CONSTITUTE BRONCHIAL HYPERRESPONSIVENESS?
Genetic Component

Recent “genome-wide association studies” have revealed a substantial number of
distinct genetic loci associated with susceptibility to asthma and with several key fea-
tures of asthma, including lung function, BHR, and disease severity.?® A genotype-
specific difference in response to methacholine was recently noted in a trial assessing
response to treatment with salmeterol in combination with ICS, where beta-2 adren-
ergic receptor genotype seemed to influence improvements in BHR to methacholine
following treatment.?* Furthermore, recent gene expression profiling of airway smooth
muscle tissue revealed 8 novel genes that differentiated asthmatic from nonasthmatic
patients, 4 of which were related to the severity of BHR.2®

There is also evidence of genetic susceptibility not only to asthma and atopy, but
more specifically to BHR, from clustering of these conditions in families.?® The
narrow-sense heritability of BHR has been reported to be approximately 30%.27
The association of asthma, atopy, and BHR was stronger between identical twins
compared with dizygotic twins. The strong correlation in monozygotic twins suggests
an overlap between these genetic factors involved in each of these traits.?®

Coinheritance and colocalization of a gene to a region of chromosome 5931-g33
that determines BHR to both histamine and serum immunoglobulin E (IgE) levels
have been reported.?® In that study, elevated levels of serum IgE were coinherited
in siblings with BHR, but BHR was not correlated in siblings concordant for elevated
serum IgE. These findings suggest that different genetic and environmental factors
influence serum IgE levels, not necessarily affecting BHR. There are also several
airway inflammatory mediators that are linked to chromosome 5g31-g33, such as
granulocyte macrophage colony stimulating factor (GMCSF); fibroblast growth
factor-acidic; other colony-stimulating factors and receptors; the lymphocyte-
specific glucocorticoid receptor 1; beta-2 adrenergic receptor; and interleukin (IL)-3,
IL-4, IL-5, IL-9, and IL-13.?° Colocalization of these genes in that region may account
for the common pathophysiologic features of asthma involving IL-4 in isotype switch
to IgE and IL-3, IL-5, and GMCSF for proliferation and activation of eosinophils.

There are other genetic studies that link atopy or serum IgE levels or asthma to BHR,
located in other regions such as in chromosome 113 and in the IL-4 and IL-13 cyto-
kine region of chromosome 5,>' more proximal to that found by Postma and
colleagues.?®

These findings still await confirmation in other populations. Currently, the mech-
anisms linking genetic predisposition and BHR remain to be defined, and no defi-
nite gene has been identified to date to account for BHR. In addition, gene-
environment interaction may be key in that exposure to early environmental factors
(such as passive smoke or other factors related to tobacco smoke in early life, such
as viral infections) may modulate the genetic susceptibility for asthma-related
phenotype.®233

Transient and Permanent Components of Bronchial Hyperresponsiveness

In asthma, BHR can be variable both within and between individuals. The variability
emanates from a different underlying cause in addition to genetic predisposition,
which includes presence of airway structural changes that account for more perma-
nent component and the degree or severity of airway inflammation that contributes
to the transient or modifiable elements. O’Byrne and Inman®* proposed the terms
persistent and transient, respectively, to differentiate these elements. For example,
recent exposures to allergen,®~28 ozone,* infection,*®*" or occupational triggers*4
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contribute to the transient property, whereas structural changes affect the permanent
or persistent component.

The role of airway smooth muscle in bronchoconstriction and BHR is well recog-
nized, but whether there are unique inherent airway smooth muscle characteristics
or whether airway smooth muscle is merely an effector of an abnormal inflammatory
response is unclear.? Airway inflammation is critical in the pathogenesis of asthma.
What specific component of the inflammatory cascade and to what extent inflamma-
tion affect BHR are disputed. Furthermore, the physiologic and structural changes
characteristic of airway remodeling (ie, fibrosis, smooth muscle hypertrophy, extracel-
lular matrix deposition, vascularity) or epithelial damage** probably have a greater
impact over airway inflammation on the more permanent feature of BHR.*° In a
double-blind, randomized, placebo-controlled, parallel group study, the relationships
between airflow limitation, airway inflammation, airway remodeling, and BHR before
and after treatment with high-dose inhaled fluticasone propionate (FP 750 pg twice
daily) were evaluated in a group of patients who had mild persistent asthma.“® Multiple
regression analysis indicated that the 40% of the variability in BHR consisted of 21%
being related to reticular basement membrane thickness (P = .009), 11% to bron-
choalveolar lavage epithelial cells (P = .04), and 8% to bronchoalveolar lavage eosin-
ophils (P = .046), with spirometric indices and mast cells being insignificant predictors
of BHR. The longitudinal data validated the cross-sectional model. Spirometric indices
and cellular inflammation improved after 3 months of treatment, with no further
improvement at 12 months, whereas BHR improved throughout the 1-year study, rep-
resented by 6 doubling dose changes. A reduction in reticular basement membrane
thickness serving as an index of airway remodeling was evident much later, only after
12 months of treatment (mean change 1.9, 95% confidence interval [Cl], 3-0.7 um;
P = .01 vs baseline, P = .05 vs placebo). Early changes in BHR (ie, 2 doubling dose
magnitudes) could be accounted for by improvement in airway inflammation within
3 months and subsequent improvement by airway remodeling.*® Hence, both airway
inflammation and airway remodeling contribute to BHR, and this study provides cross-
sectional and longitudinal support that a larger contribution comes from features of
airway remodeling. Both features of airway inflammation and remodeling respond,
albeit temporally different, to anti-inflammatory treatment with ICS, although BHR
did not resolve completely.

Recent findings suggest that ventilation heterogeneity may be another mechanism
that contributes to BHR, perhaps from both inflammatory and noninflammatory pro-
cesses. A causal relationship has been hypothesized by a modeling study, which
showed that an uneven distribution of ventilation and airway narrowing throughout
the airways resulted in a greater overall increase in airway resistance following uni-
formly applied bronchoconstriction (ie, BHR).*” Such results have been strengthened
by subsequent studies, which showed that baseline ventilation heterogeneity
(measured by the index S.ong derived from multiple breath nitrogen washout) is an in-
dependent determinant of BHR and strongly correlates with the severity of BHR in pa-
tients with asthma.*®4° Of interest, ventilation heterogeneity seems to be, at least in
part, independent of steroid responsive inflammatory process, as a significant corre-
lation with BHR persisted following 3 months of ICS treatment.*® Whether this residual
ventilation heterogeneity is caused by other inflammatory processes, structural
changes, or airway remodeling requires further investigation.

What makes the issue more complex is that the actual method of bronchoprovoca-
tion testing may provide a diverse relationship between inflammation and BHR. Indi-
rect challenges are presumed to be more reflective of airway inflammation, in contrast
to direct stimuli, which are more related to the irreversible or persistent BHR. It is likely
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that there are many variables contributing to BHR and in specific conditions, different
mechanisms or a combination thereof are responsible.

THE LINK BETWEEN BRONCHIAL HYPERRESPONSIVENESS AND AIRWAY
INFLAMMATION

Associations Between Bronchial Hyperresponsiveness and Other Inflammatory
Biomarkers

Evidence in support of this relationship can be grouped according to associations be-
tween inflammatory and allergic markers and BHR, and modification of BHR and in-
flammatory markers using antiinflammatory medications.

Allergen challenges in animal and human studies using single or repeated doses
induce airway reactivity that is associated with a variety of immunologic features,
such as production of antigen-specific IgE levels, upregulation of T-helper cytokines,
early and late-phase reactions, and eosinophilic inflammation.®%-5% After allergen
stimulation, the influx of inflammatory cells in the airways, notably eosinophils, pre-
cedes the development of late-phase response and correlates with an increase in
BHR. The onslaught of inflammatory cells in the airways at the time of the allergen
challenge suggests a causal relationship between BHR and airway inflammation.
Whether the effect is caused by activation of eosinophil-releasing substances that
can increase reactivity or by the epithelial damage itself, which enhances BHR, is
not well established.

Associations between BHR and other inflammatory processes or markers that are
not necessarily characteristic of purely eosinophilic process exist. Using an animal
model for asthma, mice that had been sensitized with ovalbumin and then challenged
repeatedly with ovalbumin aerosols were treated with monoclonal antibodies directed
against IL-4, IL-5, interferon gamma (IFNv), or tumor necrosis factor alpha (TNFe) dur-
ing the challenge period.>* The control antibody-treated mice showed hyperrespon-
siveness to methacholine and presence of eosinophils in bronchoalveolar lavage.
Treatment with antibodies to IL-4 or IL-5 did not inhibit BHR, although IL-5 specifically
inhibited bronchoalveolar lavage eosinophilia in ovalbumin-challenged mice. In
contrast, IFNy completely abolished, and TNFa partially but not significantly inhibited
development of airway hyper-responsiveness in ovalbumin-challenged animals, with
neither treatment having an effect on eosinophilia.>*

In another murine model, the ability to develop BHR also did not correlate with the
degree of airway eosinophilia, inflammation, or total serum and ovalbumin-specific IgE
levels in genetically different inbred mouse strains (BALB/c, B6D2F1, and C57BL/6).5°
Higher BHR was found in the BALB strain that was associated with lower levels of eo-
sinophils and ovalbumin-specific IgE levels, compared with the B6D2F1 strain. Hence,
there is an apparent dissociation between eosinophilia and antigen-specific IgE and
BHR. In addition, the genetic background of the mice influenced the development
of BHR.

A recent study in adults with allergic asthma evaluating the effects of repeated bron-
choconstriction induced by either serial inhaled allergen (dust mite) or methacholine
challenges on airway remodeling offered interesting observations. Both inhaled
allergen and methacholine challenges promoted airway remodeling in terms of in-
creases in subepithelial collagen band thickness and epithelial mucous glands.
Notably, this effect seemed to be dissociated from eosinophilic inflammation, because
a similar degree of airway reactivity and remodeling was seen following both chal-
lenges, but eosinophils into the airways increased only within the allergen-
challenged group.®®
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These observations, specifically that of inhibition of BHR using specific mediators
independent of the effect on airway eosinophilia, and the dissociation between airway
eosinophilia and BHR, suggest that other mechanisms are involved. T lymphocytes
have been shown to play a role in intrinsic, nonatopic BHR and the development of
antigen-induced BHR.%"~°° Alveolar macrophages may play a role in the development
of nonspecific BHR, because these were the only cell types significantly increased in
rats receiving repeated antigen challenges.®° This is supported by a study in people in
whom nonspecific BHR to histamine was closely correlated with elevated eosinophils
and macrophages and with the ratio of eosinophils to macrophages.®' Airway mast
cells and eosinophils were found to correlate with BHR in asthmatics treated with cor-
ticosteroids.®? A study by Kelly and colleagues®® also suggests a relation between
bronchial responsiveness and both neutrophil numbers and macrophage activity.

Although still speculative, different immune profiles may be involved in the develop-
ment of BHR based on atopy. Among nonatopics, elevated allergen-specific and poly-
clonal IL-10 production, TNFea, and IFNy were associated with BHR, whereas BHR
among atopic individuals was associated with eosinophilia, IL-5, and IgE.®*

There are numerous epidemiologic and clinical trial studies that present associa-
tions, albeit modest, between BHR and features of atopy or other biomarkers of eosin-
ophilic inflammation in the airway (from sputum, bronchoalveolar lavage, and exhaled
substances).®"%5773 The associations with various measures of atopy can be variable.
For example, in a study by Jansen and colleagues,’ eosinophilia (odds ratio
[OR] = 2.06, 95% ClI, 1.28-3.31) and skin test positivity (OR = 1.66, 95% ClI, 1.02-
2.71) were both significantly associated with BHR to histamine, but high serum total
IgE levels were not (OR = 1.29, 95% CI, 0.81-2.03) associated with BHR in this
middle-aged population. In addition, the significant association between BHR and
positive skin test pertained to symptomatic subjects only (OR = 5.78, 95% ClI,
1.63-20.51), independent of eosinophilia and high serum total IgE levels. In contrast,
the relationship between peripheral blood eosinophilia and BHR was the same in
asymptomatic subjects and symptomatic subjects.”* These findings suggest that
skin testing, serum total IgE level, and peripheral blood eosinophilia represent different
features of the atopic phenotype, with eosinophilia having the most robust association
with BHR.

The use of a noninvasive measure of airway inflammation such as exhaled nitric ox-
ide concentrations has been applied clinically in the past decade, especially in chil-
dren. Exhaled nitric oxide has been correlated with BHR both in corticosteroid naive
and treated subjects.®?75%7¢ With significant associations reported between exhaled
nitric oxide levels and BHR, the feasibility of using exhaled nitric oxide measurements
makes it a more attractive surrogate biomarker over BHR; however, the association is
still quite modest (with approximately 9%-16% of exhaled nitric oxide variability prob-
ably attributable to BHR). Therefore, different mechanisms underlie exhaled nitric ox-
ide measurements and BHR.

Although numerous studies illustrate the link between BHR and various measures of
airway inflammation, there are studies that show a lack of an association.**77~82 Crimi
and colleagues®? evaluated the relationships between BHR and the number and types
of inflammatory cells in the sputum, bronchoalveolar lavage, and bronchial biopsy
samples of patients who had mild-to-moderate asthma with sensitization to either
house dust mite or animal dander. In this study, no association was found between
BHR and the presence of inflammatory cells (eosinophils, neutrophils, lymphocytes,
or macrophages) in the airways. It could also be possible that it is not just the presence
or number of inflammatory cells per se, but the activation of these cells that would
correlate with BHR. Perhaps the correlation between role for eosinophils in allergic
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inflammation and BHR would be more apparent after an allergen challenge and not
necessarily at steady state or baseline.>®83

Modifying Bronchial Hyperresponsiveness Using Antiinflammatory, Allergen
Avoidance, and Inmunomodulatory Therapy

More than just associations of BHR with various markers of airway inflammation,
convincing evidence supportive of the premise that BHR is indeed a biomarker of
airway inflammation comes from numerous clinical trials demonstrating favorable ef-
fects of antiinflammatory medications such as ICSs and leukotriene-modifying agents
on BHR and other inflammatory indices.*®-84-87 Despite significantly improving symp-
toms and decreasing airway inflammation, ICSs produce at best a modest decrease in
BHR as measured by histamine or methacholine challenges: a magnitude of 1.5 to 6
doubling dose reduction in BHR.%42:86.:88.89 Thig suggests that the effect of treatment
on BHR is not absolute, despite normalization of lung function or amelioration of
symptoms and inflammation. Leukotriene-modifying agents have been shown to
reduce bronchial reactivity.®°°® A study in preschool children found bronchoprotec-
tion (measured by change in airway resistance after cold, dry air challenge) in those
treated with montelukast (17%) compared with placebo-treated group (46%). In ado-
lescents and adults, using exercise challenge after 12 weeks of treatment to measure
the degree of protection against bronchoconstriction, montelukast therapy was asso-
ciated with a 47.4% improvement in degree of inhibition using area under the curve,
compared with placebo; maximal drop in percentage of forced expiratory volume in
1 s (FEV1%) was 22% versus 32% in patients on montelukast therapy compared
with placebo, respectively. There was no significant difference in doubling dose mea-
surements of methacholine between the 2 groups after 12 weeks of treatment.

Environmental interventions to reduce aeroallergen exposure have also been
demonstrated to modify bronchial reactivity.®*°® Children who lived in a house dust
mite—free environment at high altitude for a month was found to have improvement
in BPCs using adenosine monophosphate (2.15 doubling dose concentration) and ex-
ercise (decrease in FEV4 of 27% at baseline and 21% after 1 month) but not with direct
methacholine challenge.®*

In contrast to the interventions that target a broader influence on the inflammatory
response, specific immunomodulation in human studies has afforded no significant ef-
fect on BHR, despite a substantial bearing on inflammatory markers. In a randomized,
double-blind, parallel, placebo-controlled study in patients with allergic asthma (ie,
sensitized to dust mite, grass pollen, or cat dander),®® single infusion of anti-IL-5 (either
2.5 mg/kg or 10 mg/kg) failed to modify BHR to histamine before and after allergen chal-
lenge 1 week and 1 month after the dose, despite a decrease in peripheral blood and
sputum eosinophils. Mepolizumab, a humanized monoclonal antibody against IL-5,
has been found to reduce severe exacerbations and improve asthma symptoms and
sputum and blood eosinophils in patients with refractory eosinophilic asthma, yet no ef-
fects on BHR to methacholine was seen after 1-year treatment.®” These findings sug-
gest that eosinophilia might not be the prime factor responsible for BHR in allergic
asthma, because several inflammatory cells (eg, T cells, mast cells, and eosinophils)
contribute to the late asthmatic response. In addition, anti-IgE (omalizumab) treatment
for 16 weeks given to adults who have mild-to-moderate asthma afforded a marked
reduction in free IgE; IgE positive cells in the airway mucosa; sputum eosinophil count;
tissue eosinophils; cells positive for the high-affinity Fc receptor for IgE; CD3+, CD4+,
and CD8+ T lymphocytes; B lymphocytes; and cells staining for IL-4, without an effect
on BHR to methacholine responsiveness.®® Similar findings were observed in a subse-
quent study, which showed that omalizumab reduced the BHR to indirect stimuli
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(adenosine 5’-monophosphate) after 4 and 12 weeks of treatment, without affecting the
response to methacholine.®® Overall, these studies suggest that, at least in allergic
asthma, specific therapy directed at eosinophil or IgE regulation does not obliterate
bronchial responsiveness to methacholine.

A proof of concept study targeting mast cell in patients with refractory asthma using
KIT inhibition with imatinib demonstrated not only a reduction in mast cell activity
(serum and BAL tryptase) but also a significant improvement in BHR using methacho-
line after 6 months in patients treated with imatinib (1.73 4+ 0.60 doubling dose from
baseline) compared with placebo (1.07 + 0.60 doubling dose, P = .048).%°

Antiinflammatory compounds that have broader coverage might be more effective
at targeting this outcome. A recent study in adults with mild, stable allergic asthma
showed that treatment with the humanized monoclonal immunoglobulin G2X, AMG
157, which binds with thymic stromal lymphopoietin (TSLP) to inhibit receptor interac-
tion, significantly reduced markers of persisting airway inflammation (ie, the fraction of
exhaled nitric oxide; blood and sputum eosinophils) and attenuated not only allergen-
induced airway responses, including the early and late asthmatic bronchoconstriction
but also BHR to methacholine (1.36 vs 0.66 doubling dose in the AMG 157 vs placebo
treated groups, respectively).'%" TSLP is a protein released primarily from epithelial
cells in response to irritating stimuli,'® which is thought to initiate signaling pathways
leading to Th2 cell-driven inflammation resulting in the production of proinflammatory
cytokines, including IL-5, IL-4, and IL-13. Although the biological mechanisms of AMG
157 have to be unraveled, it is likely that this anti-TSLP treatment acts by exerting a
broad inhibition of regulatory networks. These findings suggest that TSLP has a key
role not only in bronchoconstrictor responses evoked by the inhalation of allergens
but also in maintenance of airway inflammation in patients with allergic asthma. How-
ever, at this stage it is unclear whether the reduction in eosinophils counts has a causal
association with the inhibition of the allergen-induced responses or whether such
changes follow another event responsible for the protective effect. This study also
showed the utility of allergen-induced airway responses (including BHR to methacho-
line) as predictive model for the assessment of efficacy of new potential therapies for
asthma.’

A summary of potential new treatments for asthma and their effects on BHR is pro-
vided in Table 1.79%-1'% Even if a general association exists between BHR and airway
inflammation in asthma, such a relationship is not absolute and is therefore limited,
because both measures can be influenced by different factors. It is likely that single
measurements of BHR to pharmacologic stimuli cannot provide accurate information
on airway inflammation. Depending on the BPC used, they could be suggestive of a
different disease or immunologic pathway.

Correlations Between Direct and Indirect Challenges

The manner in which BPCs are conducted can be relevant in defining the association
between BHR and airway inflammation; hence the distinction between direct and in-
direct stimuli is made. BPCs using direct stimuli such as methacholine and histamine
provoke bronchoconstriction by acting primarily on airway smooth muscles and also
on mucous glands and airway microvasculature. Methacholine (acetyl-b-methylcho-
line chloride), a synthetic derivative of acetylcholine, binds to specific muscarinic re-
ceptors, whereas histamine binds to H1 receptors on the airway smooth muscle. In
contrast, indirect challenges use stimuli (eg, physical, osmotic, or pharmacologic)
that affect inflammatory and neuronal cells and induce release of mediators or cyto-
kines that cause bronchospasm. Examples of stimuli acting indirectly to assess
BHR include exercise, adenosine monophosphate (AMP), dry powder mannitol, and
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Table 1
Effect of treatment with potential new treatments for asthma, on allergen-induced early
responses, late responses, methacholine airway hyperresponsiveness, and sputum
eosinophilia

Early Late
New Molecule Dosing Response Response AHR Eosinophils
Inhaled heparin disaccharide'® Single No No No No
Inhaled PGE2'%4 Single Yes Yes Yes Yes
Anti-CD11a'%® 8wk No Yes No Yes
Antisense against IL-3, GM-CSF, and CCR3'%® 4 d Yes No No Yes
CPG-Oligo'%’ 4wk No No No No
Anti—IL-13"%8 2wk  Yes Yes No No
PDE4 inhibitor'®® 2wk No Yes Yes Yes
Anti—Ox 40L""° 16 wk No No No No
a7 nicotinic agonist'"’! 9d No No Yes No
CysLT1/LT2 antagonist''? 8d Yes Yes Yes Yes
Anti-M1 prime'"? 12wk  Yes Yes No Yes
Nonsteroid GR agonist''” 1wk No Yes Yes Yes
Anti-TSLP'0! 12wk Yes Yes Yes Yes

Abbreviations: AHR, airway hyperresponsiveness; GR, glucocorticoid receptor; No, no statistically
significant effect; PGE2, prostaglandin E2; Yes, statistically significant attenuation.

From Nair P, Martin JG, Cockcroft DC, et al. Airway hyperresponsiveness in asthma: measurement
and clinical relevance. J Allergy Clin Immunol Pract 2017;5(3):655; with permission.

eucapnic voluntary hyperpnoea (EVH). This section presents correlations between
direct and indirect BPC and compares the effects of antiinflammatory therapy in re-
gard to symptoms, markers of airway inflammation, and BHR using direct and indirect
airway challenges.

The most common pharmacologic agents used for direct challenges are metha-
choline and histamine; their pharmacokinetic properties are known, and their safety
has long been established. Bronchial responsiveness to methacholine and histamine
correlates significantly (- = 0.9).""® BPCs using direct stimuli are considered to be
highly sensitive in excluding a diagnosis of current asthma, particularly in patients
who have asthma symptoms and normal lung function, but they have a relatively
low specificity for asthma. Therefore, positive challenges are consistent with but
not entirely diagnostic of asthma and must be interpreted with other features of
asthma. A careful decision analysis taking into consideration pretest probability
and posttest probability is recommended when interpreting the results, considering
the continuous variable using PC,g and the overlap in PCyq results between healthy
and diseased patients (Fig. 1).°

The pretest probability is an estimate of the likelihood of asthma before the proced-
ure is obtained. The posttest probability is the likelihood of asthma taking into account
the pretest probability and the methacholine provocation results, so that the actual
PC,g results represent the contribution of the BPC to the diagnosis. For example, in
an epidemiologic survey of asthma with a randomly selected sample whose medical
history is not as detailed, an estimate of prevalence or pretest probability would be
5%. Subjects who would have a PC,o of 1 mg/mL could have an approximate 45%
posttest likelihood of having asthma. When a patient presents with symptoms, the
pretest probability is expectedly higher, so that if the estimate is between 30% and
70%, a PCyy of 1 mg/mL could bring the posttest estimate to approximately 90%
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Fig. 1. Curves illustrating pretest and posttest probability of asthma after methacholine chal-
lenge test with 4 PCy values. The curves represent a compilation of information from several
sources. They are approximations presented to illustrate the relationships and principles of de-
cision analysis. They are not intended to calculate precise posttest probabilities in patients.
(From Crapo RO, Casaburi R, Coates AL, et al. Guidelines for methacholine and exercise chal-
lenge testing - 1999. Am J Respir Crit Care Med 2000;161(1):318; with permission. Copyright
© 2000, American Thoracic Society.)

to 98%. The positive predictive value of methacholine challenge for asthma increases
the lower PCyq (particularly for value <1 mg/mL in the moderate or greater range of
BHR) and the higher the pretest probability. False-negative tests should be infrequent
if BPC is performed at a time of current or recent symptoms, and potent functional
(long-acting beta agonist in particular) or specific (anticholinergic) antagonist medica-
tions have been withhold for the appropriate duration prior testing.'®

The reported sensitivity and specificity of the methacholine challenge test (MCT) has
varied depending on the study population tested. In studies with large sample sizes,
sensitivity ranged from 51%'"” to 100%'"® and specificity ranged from 49%''° to
100% (Table 2)."7-31 Much of these data are based on older clinical trials. However,
the current American Thoracic Society (ATS) guidelines suggest that MCTs can be
used to exclude asthma if the PC, is greater than 16 mg/mL in the proper clinical
setting.® This conclusion was based mainly on studies before ICS use had become
a mainstay treatment for asthma. Hence a negative MCT result has been generally
interpreted as indicating that it is unlikely that a patient with respiratory symptoms
has asthma. A recent study conducted by the Asthma Clinical Research Consortium
demonstrated that in 125 asthmatic subjects receiving controller treatment and 92
nonasthmatic control subjects an MCT, sensitivity of 77% and specificity of 96%
were observed with a threshold of 8 mg/mL. Increasing the threshold to 16 mg/mL
did not substantially increase the sensitivity.'?” In the latter trial, it was also observed
that race and the presence of atopy had a significant effect on methacholine sensi-
tivity. The MCT was much less sensitive in white participants (69%) compared with Af-
rican Americans (91%, P = .015)."27

There are several issues in cross comparing the numerous studies evaluating the
performance of the MCT. The study population may differ in several ways, racially,
in the severity of asthma, degree of airflow limitation, presence or absence of asthma
symptoms, presence of underling atopy and obesity, and use of controller



Table 2
Selected studies evaluating the performance of methacholine challenge tests

Definition of

Author (Reference), Adults or Positive

Year Study Population No. Pediatrics Sensitivity Specificity PPV NPV PCy0 (mg/mL)

Hopp et al,'?° 1984 Asthma, healthy control 165 Pediatrics 98% 63% 57% 99% 800 BU?

Cockcroft et al,’'® 1992 College students 500 Adults 100% 93% 34% 100% 8

Nieminen, '3 1992 Outpatient pulmonary clinic referrals 791 Adults 89% 76% 71% 91% 2600 pug?®

Perpina et al,'?* 1993  Asthma, rhinitis, chronic 300 Adults 84% 86% No No 15
bronchitis, healthy control information information

Goldstein et al,’?? 1994 Allergy clinic referrals 198 Adults, pediatrics 61% 100% 100% 74% 8

Goldstein et al,’?® 2001 Suspected asthmatic patients 121 Adults, pediatrics 86% 100% 100% 56% 8

with normal lung function in
private clinic

Liem et al,"?" 2008 Manitoba birth cohort: asthma, 640 Pediatrics 66% 64% No No 4
healthy control information information

Anderson et al,’"” 2009 Suspected asthmatic patients 375 Adults, pediatrics 51% 75% 78% 46% 16
recruited from multiple study sites

Sverrild et al,’* 2010 Young adults randomly drawn from 238 Adults, pediatrics 69% 80% 49% 90% 8 umol?®
nationwide registration in Denmark (age 15-24y)

Carlsten et al,'' 2011  Birth cohort with high risk for asthma 348 Pediatrics 80% 49% 27% 92% 3

Abbreviations: BU, breath units; NPV, negative predictive value; PPV, positive predictive value.

? These studies used a provocative dose of methacholine to define a positive test result (PDy).

From Sumino K, Sugar EA, Irvin CG, et al. Methacholine challenge test: diagnostic characteristics in asthmatic patients receiving controller medications. J Allergy
Clin Immunol 2012;130(1):74; with permission.
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medications. Finally, it is possible that the method by which the MCT is performed may
influence the results. Previous studies and the ATS guidelines on MCTs have indicated
that the 2 MCT methods, 5-breath dosimeter and 2-minute tidal breathing, are equiv-
alent.'?8-139 However, 2 groups recently reported evidence of a lack of comparability
between the 2 methods.'?®7'32 These investigators found that patients with mild
asthma (PC,o >2 mg/mL) were more likely to have a positive MCT result with the tidal
breathing method than with the 5-breath dosimeter method. The dosimeter method
using repeated deep inhalations has been shown to cause bronchoprotective effect
and false-negative results, especially in those with milder airway hyperresponsive-
ness,'®? therefore reducing the diagnostic sensitivity of the test. To allow comparable
results from different devices or protocols, the latest European Respiratory Society
(ERS) guidelines on methacholine challenge (endorsed by the ATS) recommend to
avoid deep-breath methods and to base the test result on the delivered dose of meth-
acholine causing a 20% decrease in FEV, (provocative dose [PDy]), rather than using
methacholine concentration (PCag).'* Indeed there is emerging evidence to show that
the methacholine dose, expressed as PD,g, ideally eliminates the overestimation of
dose when evaporation of the output is not considered and allows more consistent
correlation than PC,q when comparing responses between different protocols. 35136
Estimated comparison for PC,o in mg/mL (when using the English Wright 2-min tidal
protocol) and PDy in ng (calculated as described in ERS guidelines) is reported in
Table 3.3

In 2010, the US Food and Drug Administration approved the dry powder mannitol
test for determining BHR in patients 6 years of age or older. Mannitol dry powder is
delivered in progressively increasing doses (0, 5, 10, 20, 40, 80, 160, 160, 160 mg),
with forced expiratory volume in the first second of expiration (FEV;) measured 1 min-
ute after each dose. A positive response is a 15% reduction in FEV, at a total cumu-
lative dose of 635 mg or a 10% reduction in FEV4 from baseline between doses. The
mannitol test has been suggested for confirming a diagnosis of asthma and to follow
response to therapy.'3”~'%" The advantage of the indirect tests over the direct such as
methacholine is that they provide information on 2 key features of asthma, airway
inflammation and BHR. In addition to a hyper-responsive smooth muscle, a positive
response to mannitol or other indirect stimuli indicates both the presence of inflamma-
tory cells and a sufficient concentration of mediators to cause bronchoconstriction. A
negative test result indicates a missing element such as insufficient numbers of inflam-
matory cells or insufficient concentration of mediators or an unresponsive smooth
muscle. Examples of negative tests include known asthmatic patients being treated

Table 3

Categorization of airway response to methacholine

PD;, pmol (ng) PCyo mgmL~"' Interpretation
>2 (>400) >16 Normal

0.5-2.0 (100-400) 4-16 Borderline AHR
0.13-0.5 (25-100) 1-4 Mid-AHR
0.03-0.13 (6-25) 0.25-1 Moderate AHR
<0.03 (<6) <0.25 Marked AHR

Abbreviations: AHR, airway hyperresponsiveness; PC,o, provocative concentration causing a 20%
fall in FEV4; PD5o, provocative dose causing a 20% fall in FEV;.

From Coates AL, Wanger J, Cockcroft DW, et al. ERS technical standard on bronchial challenge
testing: general considerations and performance of methacholine challenge tests. Eur Respir J
2017;49(5):1601526; with permission.
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effectively with ICSs,'#>'*® people with eosinophilic bronchitis but no asthma,** or

people with asymptomatic BHR to methacholine who may have airway injury such
as elite athletes, 21145146

Sverrild and colleagues'~ evaluated methacholine and mannitol and reported a
specificity of 80.2% (95% CI, 77.1%-82.9%) and 98.4% (95% ClI, 96.2%-99.4%),
respectively, with a positive predictive value of 48.6% versus 90.4%, whereas the
sensitivity was 68.6% (95% CI, 57.1%-78.4%) and 58.8% (95% CI, 50.7%-62.6%),
respectively. Other trials have reported a sensitivity range between 50% and 60%,
with specificities in the high 90% range. Although the sensitivity does not seem to
be very high, it is important to recognize that the benefit of current treatment on
BHR, a previous diagnosis, or the period of current asthma has not always been taken
into account when reporting the data. For example, the sensitivity of mannitol to iden-
tify a physician diagnosis of asthma increased from 59.8% to 89% when those taking
inhaled steroids and negative to mannitol were excluded.'*” Overall, the distinct un-
derlying mechanisms between methacholine and mannitol suggest that performing
both tests may be useful in charactering different phenotypes of BHR. Indeed, a recent
study among community-managed adult asthmatics reported that 14% had BHR only
to methacholine, whereas another 16% had responsiveness only to mannitol. '

Mannitol challenge seems to be more sensitive for exercise-induced bronchospasm
than an exercise challenge but is not as sensitive as desired for diagnosing exercise-
induced bronchospasm. However, because of its relatively high specificity, mannitol
may serve as a confirmatory test in those with a positive MCT. A comprehensive dis-
cussion on this topic is beyond the scope of this article but 2 extensive reviews have
been published discussing mannitol challenges.’#7:148

Among asthmatics, in general, an investigation into the relationship between BHR to
histamine and exercise illustrated that inhaled direct challenge would be more sensi-
tive than exercise tests at demonstrating increased nonspecific airway reactivity.'*° In
that study, 84% of asthmatics had a positive histamine challenge, whereas only half
had evidence of a positive exercise test (ie, 10% drop in FEV,). Despite the high esti-
mate of asthma diagnosis using direct BPCs such as histamine or methacholine in
symptomatic patients, this may compare poorly when indirect challenges are used
for a specific purpose. For example, a study was undertaken to investigate the rela-
tionship between asthma symptoms and BHR to methacholine and EVH, among
symptomatic elite summer-sport athletes because of a notable increase in the preva-
lence of asthma reports among athletes participating in the Olympic games.'®° In that
study, athletes who reported asthma symptoms were twice as likely to have a positive
response to EVH challenge (50%; mean reduction in FEV;—of 25.4% + 15%),
compared with a positive methacholine challenge (18%; mean PD,g of 1.69 mmol
to 2.05 mmol). Although all subjects with positive methacholine challenge results
had positive EVH challenge results, methacholine had a negative predictive value of
only 61% and a sensitivity of 36% for identifying those responsive to EVH. These re-
sults suggest that EVH is a more sensitive test for the diagnosis of BHR in elite ath-
letes, and the differences in response to the direct and indirect stimuli raise the
possibility of a different pathogenesis involved.*°

Airway cooling associated with vigorous physical exercise has been thought of as a
presumptive cause of exercise-induced asthma. The association of airway cooling
with airway hyperreactivity is today folded into 2 potential theories: thermal and os-
motic hypotheses. Thermal hypothesis refers to cooling of the airways after exercise
that is followed by rapid airway warming, which causes vascular congestion,
increased permeability, and edema. The osmotic hypothesis implicates evaporated
water loss causing hyperosmolality; stimulation of mucosal drying leading to mast
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cell degranulation; release of inflammatory mediators such as histamine, prosta-
glandin D2, and the cysteinyl leukotrienes; and ultimately to edema and airway smooth
muscle contraction.

Between indirect challenges specifically to hypertonic saline and exercise
challenge, the responses to either stimulus seem to track better. From a
community-based, cross-sectional survey, 382 children successfully completed
a 4.5% hypertonic saline challenge with increasing inhalation periods, and 365
performed a 6-minute standardized, free running exercise challenge. The preva-
lence of BHR to hypertonic saline was 20.4%. The results showed similar low
sensitivity and high specificity values to identify children who had current wheeze,
using 4.5% hypertonic saline challenge (47% and 92%, respectively) and a
standardized exercise challenge (46% and 88%, respectively). There was a
moderate agreement of response to hypertonic saline and to exercise
(kappa = 0.43)."%"

There also seem to be differences between direct and indirect stimuli in the evalu-
ation of response to intervention. Patients sensitized to house dust mites, who were
transferred to a more favorable environment at high altitude, demonstrated no signif-
icant difference in BHR to methacholine challenge but developed a significant
improvement in airway response to adenosine monophosphate, indicated by
displacement of the dose-response curve to the right by 2 doubling concentrations
(P = .005) and exercise (P = .03).°* These results demonstrate the discordance in re-
sponses to direct and indirect challenges. The improvement in BHR to the indirect
stimuli using AMP and exercise in contrast to the lack of response in BHR to metha-
choline suggests amelioration of airway inflammation following avoidance of house
dust aeroallergens.®*

Indirect challenges compared with direct stimuli may also be more sensitive in
detecting changes in airway reactivity with ICS treatment.®4:85152-155 BHR to meth-
acholine and AMP was compared, as well as induced sputum analysis and exhaled
nitric oxide measurements, before and after 2 weeks of treatment with oral or ICSs.
Using multiple regression analysis, corticosteroid improvement in AMP PCy, corre-
lated negatively with changes in sputum eosinophils, bronchial epithelial cells, and
exhaled nitric oxide and positively with changes in sputum lymphocytes. On the
other hand, improvement in methacholine PC,q correlated negatively with changes
in the number of sputum eosinophils and positively with increase in sputum lym-
phocytes and FEV, percentage predicted. There was a stronger correlation be-
tween changes in sputum eosinophils and AMP PC,y, compared with
methacholine PCyo (r = —0.43, P = .0001 vs r = —0.28, P = .004, respectively).
The total explained variance of the improvement in BHR was greater for changes
in AMP compared with changes for methacholine (36% vs 22%, respectively).
These suggest that improvement in BHR to adenosine may better detect changes
in airway inflammation than improvement in methacholine PCyq. After inhalation of
an aqueous solution administered as AMP, it is converted immediately to adeno-
sine by the ubiquitous enzyme 5'-nucleotidase. Adenosine exerts its effects
through interaction with specific adenosine (P1) receptors. The exact mechanism
of action of AMP on airway wall is not well-defined, but the role of mast cells is
crucial based on a variety of inflammatory mediators, such as histamine, prosta-
glandins, leukotrienes, and IL-8 release, from human mast cells enhanced by aden-
osine in vitro."5615% Although there are studies that have shown differential
BHR response to antiinflammatories such as ICSs, there are also those that
show concordant effects of these medications on bronchial responsiveness to
direct and indirect stimuli.’#3169-163 pPerhaps the variability in bronchial response
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to direct and indirect stimuli from ICS therapy depends not only on the specific drug
or stimulant but also on the duration of treatment, dosage, and delivery (see
Table 1).

Bronchoprovocation Challenges in the Longitudinal Management of Asthma

Current international guidelines on asthma recommend the use of a stepwise manage-
ment strategy for effective long-term control, with level and adjustment of antiinflam-
matory pharmacologic treatments based solely on symptoms, lung function, and
reliever bronchodilator use.'®*~'%® Once clinical control is achieved, the dose of ICS
should be tapered to the minimal level required to maintain disease control, to mini-
mize side effects associated with their prolonged use. However, this approach may
not be adequate, because several studies have shown persisting BHR and airway
inflammation in many asthmatics following ICS use despite good clinical con-
trol.46.101.167.168 The presence of ongoing airway inflammation is not only associated
with an increased risk of airway remodeling and related long-term loss in lung func-
tion'%%170 put it also predicts the risk of future exacerbations and loss of disease con-
trol when stepping-down treatment with ICSs."”"'72 In addition, the well-documented
flat dose-response curve to ICS for symptoms and lung function with a plateau for
improvement above low doses'’® makes these 2 clinical markers insufficient to
monitor the effects of antiinflammatory treatments.

Over the past 20 years, there have been many attempts to manage asthma using
strategies based on measurements of BHR. In a parallel group study involving 75
adults with mild-to-moderate asthma, Sont and colleagues'’* compared titration
of treatment with ICS based either on standard clinical guidelines (symptoms and
lung function alone) or additionally on the degree of BHR to methacholine (BHR
strategy) over a 2-year period. Participants whose treatment was adjusted based
on their BHR had less mild exacerbation (0.23 vs 0.43 exacerbation/year/patient
in the control group) and greater improvement in lung function, but required higher
doses of ICSs compared with subjects whose treatment was titrated according to
recommended clinical guidelines. Of interest, bronchial biopsy findings (available
from 49 subjects) showed greater reduction in thickness of the subepithelial reticular
layer in the BHR strategy group than in the reference strategy group. The changes in
BHR in both strategy groups were correlated with eosinophil counts in the biopsies
(r = —0.48, P = .003). These results provide more indirect but strong evidence of
BHR being a surrogate marker of inflammation in asthma. BHR documented as a
mean PCyo to methacholine of 0.47 mg/mL before treatment was only marginally
reduced using the BHR strategy (increase in PCyy 1.1 doubling concentrations,
not statistically significant).’”* This confirmed previous studies showing that long-
term treatment with ICSs does not necessarily normalize BHR to methacholine,
emphasizing the limited effects of current pharmacologic therapies on the perma-
nent component of BHR."°

A similar study in 206 children (aged 6-16 years) with moderate persistent asthma
did not confirm the full clinical benefit of adjusting ICSs dose based on BHR to meth-
acholine. Over a 2-year period, Nuijsink and colleagues'”® found no difference in the
number of symptom-free days using the BHR strategy, although a better prebroncho-
dilator FEV; was observed in a subgroup of children with allergic asthma. This
improvement was also achieved with a higher dose of ICSs in the BHR strategy.
This beneficial effect on lung function was lost at follow-up after 3 to 7 years of usual
care, when the mean dose of ICSs had diminished from 550 mg/d at the end of the
study to 235 mg/d."”® This suggests that a BHR-guided treatment strategy may
need to be sustained in order to preserve lung function. Moreover, as with the study
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by Sont and colleagues, BHR persisted at the end of the study and did not differ be-
tween the treatment groups.

Koenig and colleagues'”” found similar results in adults with mild-to-moderate
asthma, although over a shorter duration of treatment (40 weeks), with suboptimal
retention rate (70%). BHR strategy with dose adjustment every 8 weeks (instead of
every 12 weeks as the Sont and colleagues’”* study) led to use of higher doses of
ICSs (either with or without the combination of a long-acting B2-agonist) with no dif-
ference in symptom-free days, lung function, albuterol use, and airway responsive-
ness compared with reference strategy groups.

BHR to indirect stimuli correlates better with airway inflammation and may represent
a more clinically relevant marker to guide adjustment of antiinflammatory treatment
and monitor asthma control. It is well documented that the regular use of ICSs atten-
uates or even abolish the airway reactivity to indirect stimuli.’>78 On the other hand,
increase in BHR to mannitol and AMP after stepping down of ICSs in clinically
controlled asthmatics has been shown to predict the risk of a subsequent exacerba-
tion and failure of dose reduction.’*?'”® Moreover, BHR to mannitol has shown advan-
tages over other current biomarkers of airway inflammation, because it can also be
present in asthmatics with noneosinophilic inflammatory phenotypes and normal
FeNO level.'®° Given these observations, a recent randomized controlled trial investi-
gated whether tracking BHR to mannitol (using the lower PD10 threshold) could
perform better in the management of adults with mild-to-moderate asthma in primary
care setting receiving inhaled ciclesonide, compared with twice monthly clinical or
spirometric assessments (standard care).'®' Over a period of 12 months, patients
managed on the basis of mannitol BHR experienced fewer mild (but not severe) exac-
erbations and significant improvement not only in symptoms and reliever bronchodi-
lator use but also in BHR to mannitol and methacholine and airway inflammation
measured by FeNO levels. However, in keeping with previous findings, the BHR strat-
egy resulted in exposure to a two-fold higher dose of ciclesonide, albeit no significant
adrenal suppression (measured by urinary cortisol) was seen compared with the lower
doses in the reference strategy group.'®’

Overall, higher ICS doses are needed to affect BHR than that required to achieve clin-
ical improvement. This was recently confirmed in post hoc pooled analysis of data from
4 randomized clinical trials, which demonstrated a dose-response for improvement in
both inflammatory outcomes (ie, FeNO, serum eosinophilic cationic protein, and blood
eosinophil) and BHR, when using ICSs above low doses (up to 800 mg/d, beclometha-
sone equivalent), but not for symptoms and lung function.’”® Further prospective
studies are warranted to define whether asthma can be controlled better, safely, and
more economically using treatment strategies aimed at reducing BHR.

SUMMARY

BHR is an important feature of asthma, and it is considered a useful tool in the diag-
nosis, monitoring, managing, and prognostication of a complex condition. With its
many valuable uses, it probably represents several inherent elements of the disease
process, such as genetic predisposition, airway inflammation, structural changes,
and airway remodeling. Airway inflammation seems to account for the transient and
variable component of BHR. Associations between BHR to direct and indirect stimuli
and inflammatory markers are present. In addition, antiinflammatory treatment can
reduce airway inflammation and BHR but not close to eliminating it completely. The
exact mechanisms that explain the association between BHR and airway inflammation
are unknown. The permanent or persistent component of BHR, particularly to direct
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stimuli, correlates significantly with structural changes in the airway, such as base-
ment membrane thickness and epithelial damage. It might be this component that
is resistant or refractory to the effects of available interventions. A few trials of specific
immunomodulatory therapy have shown considerable improvements in markers of
airway inflammation, without significantly modifying airway reactivity. On the other
hand, the inflammatory component may explain the variable component that modu-
lates over time and with antiinflammatory therapy and thus is better reflected by the
BHR measured with indirect challenges such as mannitol or exercise or EVH. There
is certainly a need to develop interventions that will affect the more permanent feature
of BHR. There is also a need to include biomarker measurements in the routine man-
agement and surveillance of asthma to improve long-term control. BHR, particularly to
indirect stimuli, may provide a reliable marker to best manage asthma in addition to
currently recommended clinical monitoring, although further prospective studies are
needed to clearly define its role.
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