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Abstract
Rationale: Methacholine and mannitol challenges are used clinically to assess airway
hyperresponsiveness (AHR). Cough during (a) high-dose methacholine challenge in individuals
with methacholine-induced cough and normal airway sensitivity and (b) mannitol challenge in
some individuals with asthma both occur in the absence of significant declines in forced
expiratory volume in one second (FEV1). We hypothesized mechanical responses to these
challenges would reflect a continuum amongst subjects with: (i) asthma; (ii) cough variant asthma
(CVA) and (iii) methacholine-induced cough and normal airway sensitivity due to varying
degrees of impairment/preservation of the beneficial effects of deep inspirations.
Purpose: To compare cough and airway responses to mannitol and high-dose methacholine
challenges between these groups.
Methods: Individuals with asthma or suspected CVA were invited to participate. Subjects were
challenged with mannitol and high-dose methacholine in random order 2-14 days apart. Cough
frequency, spirometry and esophageal-pressure were recorded at baseline and after each dose of
mannitol and methacholine to a maximal decline in FEV1 of 15% and 50% respectively.
Plethysmography was used to measure lung volumes at baseline, the dose nearest to a 15%
decline in FEV1 during mannitol challenge (PD15) and 20% decline in FEV1 during methacholine
challenge (PC20), and at the highest dose of methacholine. Measurements were compared: (a)
between groups at PD15, PC20 and the highest dose of methacholine; and (b) within groups at PD15
and PC20, and the highest equivalent level of bronchoconstriction.
Results: 22 subjects (17 female; 48.0±12.7 (mean±SD years)) who completed both challenges
were included. All subjects coughed during both challenges. Mechanical responses to mannitol
and high-dose methacholine challenges reflected a continuum amongst groups. Six of 8 subjects
with asthma were mannitol postitive (PD15=115.2±100.0 mg) and were significantly more
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sensitive to mannitol compared to 3 of 5 mannitol positive subjects with CVA (PD15=533.6±88.3
mg; p=0.020) and 3 of 9 mannitol positive subjects with methacholine-induced cough and normal
airway sensitivity (PD15=472.8±203.0 mg; p=0.037). At the highest equivalent level of
bronchoconstriction, methacholine induced significant declines in FEF50% and FEF25-75% in all
subjects groups while mannitol did not.
Conclusion: Mechanical responses to mannitol and high-dose methacholine challenges reflected
a continuum amongst groups.
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Chapter 1: General Introduction
History of cough in asthma

Historical and contemporary descriptions of asthma
The term ‘asthma’ dates back to Homer’s the Iliad (approximately 2700 years ago) and derives
from a Greek verb meaning “to exhale with open mouth, to pant” (Marketos & Ballas, 1982).
Historical accounts used the term to describe either a respiratory symptom or a distinct clinical
entity marked by episodic breathing difficulty and cough (Marketos & Ballas, 1982). Many
respiratory conditions are characterized by breathing difficulty; therefore, historical cases of
asthma may not all be classified as such today. For centuries, various cultures have documented
asthma symptoms (Young et al., 1991; Bjermer, 2001). Currently, asthma is defined as a chronic
inflammatory disorder of the airways characterized by paroxysmal symptoms (including cough,
wheeze, chest tightness and dyspnea) that are associated with a variable degree of airway
hyperresponsiveness (AHR) (defined below) and a variable degree of airflow obstruction (Boulet
et al., 1999; Lougheed et al., 2010).
Although asthma is now a well recognized medical condition, different clinical
presentations of asthma pose considerable challenges for diagnosis and management. Individuals
with typical asthma report wheeze along with cough, dyspnea and chest tightness to be their
primary symptoms. Other individuals with cough variant asthma (CVA) report chronic cough
(cough lasting eight weeks or more (Irwin et al., 2006)) to be their sole or predominant symptom
(Glauser, 1972; McFadden, 1975; Corrao et al., 1979). Chronic cough may also be caused by (i)
other lower airway inflammatory conditions, such as eosinophilic bronchitis (EB) and atopic
cough (Gibson et al., 1989; Fujimura et al., 1992b), and (ii) seemingly unrelated conditions such
as gastro-esophageal reflux disease (GERD) and upper airway cough syndrome (UACS) (Irwin et
1

al., 2006). Managing patients with chronic cough can be clinically challenging, as an individual’s
cough may or may not respond to standard inhaled bronchodilator or inhaled corticosteroid
therapy (Dicpinigaitis, 2006). Currently, the pathophysiological mechanism(s) that differentiate
eosinophilic airway disorders such as asthma, CVA, EB and atopic cough remain poorly
understood (Niimi et al., 2009).

Diagnosing classic asthma and cough variant asthma
Classic asthma is diagnosed based upon the combination of compatible clinical history and
demonstration of reversible airflow obstruction (such as improved lung function after
bronchodilator inhalation, improved lung function after a course of controller therapy or variable
airflow limitation over time) and/or laboratory evidence of AHR to nonspecific stimuli such as
methacholine, histamine or other challenges (e.g. exercise) (Lougheed et al., 2010). To diagnose
CVA, individuals with chronic cough (who infrequently report wheeze, chest tightness and
dyspnea) must demonstrate AHR to nonspecific stimuli and/or report resolution of their cough
with standard asthma therapy (Irwin et al., 2006).

Defining a cough and the cough reflex
According to a 2007 European Respiratory Society (ERS) Task Force, there are two possible
definitions of a cough:
1) Cough is a three-phase expulsive motor act characterized by an inspiratory effort
(inspiratory phase), followed by a forced expiratory effort against a closed glottis
(compressive phase) and then by opening of the glottis and rapid expiratory airflow
(expulsive phase).
2) Cough is a forced expulsive manoeuvre, usually against a closed glottis and which is
associated with a characteristic sound (Morice et al., 2007).
2

Chung et al. (2009) noted that in both definitions, “closure of the glottis is essential for the
definition of a cough and for the characteristic expulsive sound.”
The cough reflex is an innate defensive mechanism performed to expel noxious stimuli
from the airways (Karlsson et al., 1988). A human cough can be initiated either consciously or
reflexively, and therefore, has complex neurophysiological circuitry (Canning, 2002; Canning et
al., 2006). The cough reflex typically begins through activation of vagal afferent nerves
originating in the respiratory tract via mechanical stimulation and/or chemical irritation (Canning,
2002; Mazzone et al., 2003; Canning et al., 2006; Canning, 2010). Experimental animal models
suggest vagal afferent nerve subtypes terminate and interact in the nucleus tractus solitarius
located within the brainstem, where central integration of various inputs occurs to coordinate
efferent output to effector muscles (Canning, 2002; Mazzone et al., 2003). Effector muscles
direct the physical cough response to produce an explosive acoustic sound caused by opening of
the glottis following the closed-glottis cough compression phase (Kelsall et al., 2008). In disease
states, prolonged explosive sounds often occur during the expulsive phase of a cough when after a
single breath, or with multiple breaths between, several explosive sounds are generated (Kelsall et
al., 2008). These prolonged expulsive phases have been called “epochs”, “peals”, “bouts” or
“attacks”.

Coughing can relieve or exacerbate asthma symptoms
Interestingly, for almost a thousand years, opposing reports have suggested coughing can relieve,
exacerbate or have no effect on asthma symptoms (Young et al., 1991). For example, from a
survey of 187 patients with clinically diagnosed asthma, 41.7% reported coughing exacerbated
their symptoms, 29.9% reported coughing relieved their symptoms, 9.9% reported no effect and
18.7% stated coughing occasionally relieved or exacerbated their symptoms (Young et al., 1991).
3

The most commonly reported symptom when asthma was cough-exacerbated was breathlessness
(dyspnea), followed by wheeze and chest tightness. Unfortunately, detailed clinical descriptions
of the participants were not provided.
Rees and Clark (1984) evaluated the effects of voluntary coughs and deep inspirations on
specific airway conductance (sGaw) measurements in healthy subjects, atopic subjects and
subjects with mild asthma and after histamine challenge. After histamine challenge (which
decreased sGaw 35 - 63% from baseline), sGaw increased significantly in all subjects with mild
asthma following a voluntary cough with preceding inhalation (n=3) or full inhalation without
cough (n=4), while modified coughs without preceding inhalations induced significant decreases
in sGaw in three of four subjects with mild asthma. The authors concluded that the observed
effects on sGaw were due to the deep inspirations that preceded coughs.

The bronchoprotective and bronchodilating effects of a deep inspiration

Effects of a deep inspiration
Nadel and Tierney (1961) first examined how deep inspirations affect the pulmonary function of
healthy adults at rest and during pharmacologically-induced bronchoconstriction. Deep
inspirations did not affect control state measurements recorded at functional residual capacity
(FRC). However, when bronchoconstriction was present, deep inspirations reduced airway
resistance (Raw) for 1 - 2 minutes. Subsequently, Fish et al. (1981) used differences in partial and
maximal mid-expiratory flows to show that subjects with hay fever, but not asthma, are able to
abolish or reduce methacholine-induced bronchoconstriction by first performing a deep
inspiration. Today, deep inspiration-induced reductions in bronchoconstriction (measured by midexpiratory flows and Raw) are known as the bronchodilating effects of a deep inspiration.
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Deep inspirations also can protect the airways against subsequent bronchoconstriction.
Malmberg and colleagues (1993) showed that when healthy subjects take deep inspirations before
inhaling methacholine, the first forced expiratory volume in one second (FEV1) measured 2, 3, 4
or 6 minutes after dosing is significantly greater compared to FEV1 measurements recorded at the
same times without previous deep inspirations. Of note, five deep inspirations provide more
bronchoprotection to methacholine compared with two deep inspirations (Kapsali et al., 2000).
Kapsali et al. (2000) have eloquently described this bronchoprotective effect of a deep inspiration
as the phenomenon by which increased lung volume “triggers a process that renders airway
smooth muscle resistant to contractile stimuli.”

Potential mechanisms controlling deep inspiration-induced effects
Deep inspiration-induced bronchodilation and bronchoprotection may be regulated by separate or
related mechanisms (Skloot & Togias, 2003). Fredberg and colleagues (1999) proposed that lung
inflations mechanically stretch airway smooth muscle and interfere with actin-myosin cross
bridge cycling to enable bronchodilation. Lung inflations may also promote bronchodilation (and
possibly bronchoprotection) by influencing neural pathways (Skloot & Togias, 2003), such as: (i)
inhibiting parasympathetic tone (Kesler & Canning, 1999); and (ii) activating nonadrenergic
noncholinergic (NANC) bronchodilatory pathways that include nitric oxide (NO) and/or
vasoactive intestinal polypeptide (VIP) neurotransmitters (Ellis & Undem, 1992; Fischer &
Hoffmann, 1996). Autacoid pathways (prostaglandins and atrial natriuretic peptide (ANP)) and
hormonal pathways (e.g. epinephrine) may also contribute to the beneficial effects of lung
inflation (Skloot & Togias, 2003). Also, deep inspiration-induced release of pulmonary surfactant
from alveolar epithelial cells may reduce peripheral airway surface tension and induce
bronchoprotection (Skloot & Togias, 2003).
5

Preservation versus impairment of deep inspiration-induced effects
Currently, the exact mechanism(s) of the bronchodilating and bronchoprotective effects of deep
inspirations are unknown, though each of the aforementioned mechanisms may contribute.
Healthy subjects retain both the bronchodilating and bronchoprotective effects of deep
inspirations, whereas individuals with AHR do not. Compared to subjects with hay fever without
asthma, individuals with asthma demonstrate impaired deep inspiration-induced bronchodilation
(Fish et al., 1981). Kapsali and colleagues (2000) have shown subjects with asthma also lack deep
inspiration-induced bronchoprotection compared to healthy subjects. In a comparison between (i)
healthy subjects, (ii) individuals with asthma and moderate to severe AHR, (iii) individuals with
asthma and borderline/mild AHR and (iv) individuals with allergic rhinitis and borderline/mild
AHR, all groups with AHR lacked the bronchoprotective effect of deep inspirations (Scichilone et
al., 2001). Except for the asthma group with borderline/mild AHR, deep inspiration-induced
bronchodilation was significantly impaired in all groups with AHR compared to the healthy
group (Scichilone et al., 2001). The lack of the bronchoprotective effect of a deep inspiration may
be the fundamental pathophysiological basis for AHR in asthma (Fish et al., 1981; Kapsali et al.,
2000).

Airway hyperresponsiveness and its measurement in asthma

Bronchoprovocation challenges
Chai and colleagues (1975) were among the first to standardize bronchial inhalation challenge
procedures. During these challenges, spirometric measurements are recorded before (baseline)
and after exercise/breathing manoeuvres or inhalation of standardized concentrations of
bronchoconstricting agents. Subjects perform forced vital capacity (FVC) manoeuvres enabling
measurement of FEV1, FVC, the FEV1/FVC ratio and forced expiratory flow at representative
6

percentages of the FVC (Miller et al., 2005). In patients with AHR, bronchoprovocation
challenge agents induce bronchial smooth muscle constriction and increase Raw, resulting in
airflow obstruction causing pulmonary function measurements (such as FEV1 and mid-expiratory
flows) to decline from baseline.
FEV1 measurements primarily represent large airway calibre resistance, are reproducible
within individuals, are sensitive to airway obstruction (Gaensler, 1951) and are used clinically to
determine pulmonary function (Miller et al., 2005). Mid-to-late expiratory flows are thought to
represent peripheral/small airway calibre resistance (Heckscher et al., 1968; McFadden & Linden,
1972). However, their measurement is highly variable and thus mid-to-late expiratory flows have
been traditionally regarded as less clinically useful than FEV1 (Light et al., 1977; 1991).
Depending on the challenge cut-off points used, histamine challenges reportedly have a negative
predictive value of 100% for excluding a diagnosis of classic asthma (Cockcroft et al., 1992).
However, healthy subjects and individuals with allergic rhinitis may also demonstrate AHR and
thus the positive predictive value of the histamine challenge (Cockcroft et al., 1992) and the
methacholine challenge (Crapo et al., 2000) is lower. Compared with subjects without AHR,
dose-response curves in individuals with asthma are characterized by: (i) increased sensitivity
(FEV1 declines more readily than in healthy subjects when the same doses are administered); and
(ii) either an increased maximal airway response plateau (defined as < 5% change in FEV1 over
two or more dose steps, after an initial decrease of > 10%) or absent plateau response as measured
by a decline in FEV1 from baseline (Woolcock et al., 1984; Sterk et al., 1985a, b). Asthma
severity, as measured by long-term symptoms (Makino, 1966) and medication use (Juniper et al.,
1981), seems to correlate with the severity of AHR to histamine (Makino, 1966; Juniper et al.,
1981) and methacholine challenges (Juniper et al., 1981).
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Emerging evidence suggests that the components of AHR may be divided into two
categories: variable and persistent (Cockcroft & Davis, 2006; Busse, 2010). The variable
component of AHR may reflect acute airway inflammation associated with current or recent
exposures (Cockcroft & Davis, 2006; Busse, 2010) and may explain why individuals with allergic
rhinitis or healthy subjects display AHR during testing. The persistent component of AHR is
thought to reflect structural/physiological airway changes, known as airway remodelling, which
may manifest as a result of chronic airway inflammation (Cockcroft & Davis, 2006; Busse,
2010). The variable and persistent components of AHR may partially be detected by using
different stimuli to measure AHR (Busse, 2010).

Bronchoprovocation agent classification
Pauwels et al. (1988) were the first to classify the various bronchoconstrictive stimuli used to
assess AHR. The authors suggested stimuli should be classified according to their mechanisms of
action. That is, direct agents act directly on bronchial smooth muscle cells to induce
bronchoconstriction (e.g. histamine and methacholine) and indirect agents act primarily on cell
types other than bronchial smooth muscle, such as mast cells and neurons, to cause
bronchoconstriction (Pauwels et al., 1988). Indirect stimuli include exercise, eucapnic voluntary
hyperpnea, hypertonic saline, adenosine monophosphate and dry powder mannitol (Anderson,
2010; Cockcroft, 2010). Because asthma symptoms are triggered via irritants and allergic
mechanisms, AHR to indirect agents should have a stronger relationship to daily asthma
symptoms (Pauwels et al., 1988) and airway inflammation (Joos et al., 2003) than AHR to direct
agents.
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Methacholine challenge and airway hyperresponsiveness
Currently, methacholine is the only direct stimulus approved for clinical use in North America
(Cockcroft, 2010). Methacholine acts directly on muscarinic receptors to contract bronchial
smooth muscle (Cockcroft & Davis, 2006). AHR to histamine correlates well with AHR to
methacholine (Juniper et al., 1981). However, methacholine is preferred because histamine
inhalation is associated with greater side effects (including headache, flushing and hoarseness)
(Crapo et al., 2000). The American Thoracic Society (ATS) has issued guidelines outlining two
methods of methacholine administration: (i) the five-breath dosimeter method; and (ii) the 2minute tidal breathing method (Crapo et al., 2000). Compared with the 2-minute tidal breathing
method, the dosimeter method requires subjects to perform five deep inspirations to administer
each methacholine dose (Crapo et al., 2000; Cockcroft, 2010). The additional deep inspirations
required during the dosimeter protocol induce bronchoprotective and bronchodilatory effects in
individuals with asthma and mild AHR (Todd et al., 2004; Allen et al., 2005). Thus, the tidal
breathing method produces a greater response and more sensitive test compared to the dosimeter
method (Allen et al., 2005).
Using the tidal breathing method according to ATS guidelines, an individual has AHR if
the provocative concentration of methacholine eliciting a 20% decline in FEV1 (PC20) from
control (isotonic saline) is ≤ 16 mg/mL (Crapo et al., 2000). Low-dose methacholine challenges
administer doses ranging from 0.03 - 16 mg/mL. AHR within this range can be categorized as
follows: PC20 of < 1.0 mg/mL indicates moderate to severe AHR; PC20 of 1.0 - 4.0 mg/mL
indicates mild AHR; PC20 of 4.0 - 16 mg/mL indicates borderline AHR and PC20 of > 16 mg/mL
indicates normal airway responsiveness (Crapo et al., 2000). Low-dose methacholine challenges
are approved for use by Health Canada and are used clinically to assess AHR. High-dose
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methacholine challenges administer doses up to 256mg/mL (Sterk et al., 1985a, b), and are
typically used for research purposes (Cockcroft, 2010).

Mannitol challenge and airway hyperresponsiveness
Individuals with asthma display variable degrees of AHR (both between and within subjects) to
stimuli (Busse, 2010). Airway inflammation can enhance underlying AHR to methacholine
challenges and the variable and persistent components of AHR are likely interrelated (Hargreave
et al., 1986; Cockcroft & Davis, 2006; Busse, 2010). Unfortunately, the clinical sensitivity of
methacholine challenges to diagnose asthma is <100% (Nieminen, 1992; Crapo et al., 2000) and
some people with asthma have false-negative results (Crapo et al., 2000). Challenge tests that
compartmentalize the variable and persistent components of AHR (which is likely an
oversimplification of the complexity of AHR) may provide additional clinical information
(Busse, 2010). It is possible that indirect challenge tests may be useful in identifying symptomatic
individuals with normal airway sensitivity to methacholine.
Inhaled dry powder mannitol, a relatively new inhalation challenge agent, is the only
commercially available indirect challenge test approved for use in humans by the United States
Food and Drug Administration (FDA) (Sverrild et al., 2012). Mannitol is not approved for use by
Health Canada at this time. Similar to other indirect challenges, inhaled mannitol causes airway
narrowing by increasing the osmolarity of the airway surface lining, resulting in
bronchoconstrictive mediator release (e.g. prostaglandins, leukotrienes and histamine) from
localized epithelial, eosinophil and mast cells (Leuppi et al., 2002b; Anderson, 2010). Porsbjerg
et al. (2008) recently showed that in non-smoking, steroid-free adults with asthma (no use of oral
or inhaled corticosteroids within 3 months), AHR to mannitol correlates with airway
inflammation (measures of sputum eosinophils (%)) (r = -0.52, p<0.05) while AHR to
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methacholine does not (r = -0.28, p = not significant), suggesting mannitol is more useful than
methacholine when evaluating AHR and airway inflammation.
During mannitol challenges, subjects inhale doses using a handheld delivery device
containing capsules of various amounts (capsules range from 0 - 40 mg; cumulative doses range
from 0 - 635 mg) (Anderson et al., 1997; Anderson et al., 2009). Subjects generally perform one
deep inhalation to total lung capacity (TLC) for each capsule administered. The provocative dose
that causes a 15% decline in FEV1 compared to that from the placebo capsule dose (PD15) is used
to indicate AHR. Challenge results are considered positive if subjects (i) have a PD15 ≤ 635 mg or
(ii) demonstrate a ≥ 10% decline in FEV1 between consecutive doses (Anderson et al., 2009).
Individuals displaying AHR to mannitol are thought to possess current airway inflammation (e.g.
eosinophils and/or mast cells) or have ‘active asthma’ (Anderson, 2010). Using a clinical
diagnosis of asthma, the mannitol challenge can reportedly identify asthma subjects (with or
without inhaled corticosteroids) with a sensitivity and specificity of 60% and 95% respectively
(Brannan et al., 2005).

Receptors of the pulmonary system and implications for cough
The cough reflex is modulated by numerous afferent nerves with receptor endings in the
extrapulmonary and intrapulmonary airways (Canning et al., 2006). Input from multiple afferents
(upper and lower airways, local musculature, esophageal tract) interact to regulate and modify
cough sensitivity, cough forcefulness and glottic closures during cough epochs (Canning, 2010).
Afferent subtypes are classified based on several criteria including adaptation to mechanical
stimulation, conduction velocity, myelination, site of termination and more (Sant'Ambrogio,
1982; Canning et al., 2006). However, definitions vary between laboratories and these differences
must be considered when evaluating published literature (Canning et al., 2006). Based upon a
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thorough review of the literature, Canning et al. (2006) suggested there are two general pathways
for cough: (i) C-fibre dependent and (ii) C-fibre independent cough pathways. The receptors and
afferent nerve sub-types implicated within these pathways are briefly described below.

C-fibre dependent pathways
C-fibres are unmyelinated afferents that terminate “in the mucosa and submucosa of the nose,
pharynx, larynx, trachea, bronchi and throughout the lungs” (Canning, 2010). Both chemical and
mechanical stimuli may activate C-fibres (see Canning et al., 2006 for review), though
mechanical activation thresholds are much greater for C-fibre receptor endings compared to those
of other afferents (Coleridge & Coleridge, 1984). C-fibres express transient receptor potential
vanilloid-1 (TRPV-1) channels, TRPA-1 channels and acid-sensing ion channels (ASICs), each
of which can evoke cough when activated (Canning et al., 2006; Canning, 2010; Belvisi et al.,
2011). C-fibre activation evokes apnea and subsequent rapid, shallow breathing (Canning et al.,
2006). Bronchial C-fibre activation initiates cough in conscious animals and humans but fails to
elicit cough in anaesthetized animals (Canning 2006). Using blood oxygen level-dependent
(BOLD) functional magnetic resonance imaging (fMRI), Mazzone et al. (2007) demonstrated that
capsaicin-induced C-fibre activation (which acts through TRPV-1 channels) leads to neuronal
activation in a number of brain regions (including the insula cortex, orbitofrontal cortex,
supplementary motor area and cerebellum) and the perception of ‘urge-to-cough’ in healthy
adults. Interestingly, capsaicin-induced cough may be voluntarily suppressed in conscious healthy
subjects (Hutchings et al., 1993), suggesting C-fibre initiated cough is dependent on
consciousness (Canning, 2002; Canning et al., 2006). Hayes et al. (2012) have recently shown
that subjects with asthma who breathe hot humid air develop bronchoconstriction and cough
(which were found to act through cholinergic and C-fibre afferents respectively). The authors had
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previously demonstrated heat activation of C-fibre endings in anaesthetized rats (Ruan et al.,
2005), which exemplifies cross-species similarities of the cough reflex in humans and rats.

C-fibre independent pathways
Rapidly adapting receptors (RARs), slow adapting receptors (SARs) and cough receptors are all
myelinated afferent sub-types implicated in the C-fibre independent cough pathway (Canning et
al., 2006). They are classified based on their adaptation to lung inflation and responsiveness to
stimuli. RARs respond to various chemical and mechanical stimuli (Widdicombe, 1954b), are
locally concentrated in the trachea and bronchial bifurcations of the lungs (Widdicombe, 1954a)
and initiate cough in both conscious and anaesthetized cats (Widdicombe, 1954b). In animal
models, SARs primarily terminate in the large airways (i.e. bronchi) (Fisher & Sant'Ambrogio,
1982) and decline in number toward the peripheral airways (Sant'Ambrogio, 1982). Mechanical
forces generated during breathing activate SARs, with SAR activity increasing during inspiration
and peaking just before expiration (the Hering-Breuer reflex) (Schelegle & Green, 2001). SAR
activity also modulates the cough reflex. In anaesthetized rabbits, compared to control states,
blocking SAR activity decreases both (i) cough frequency and (ii) the maximal cough effort
induced by tracheobronchial mechanical stimulation (Hanacek et al., 1984). Cough receptors are
located in the larynx, trachea and extrapulmonary bronchi of guinea pigs (Canning et al., 2006).
Unlike RARs, which are responsive to mechanical stimulation such as bronchoconstriction,
cough receptors are only known to respond to acid and punctuate mechanical stimuli (Canning et
al., 2006). Species differences must be taken into account before extrapolating results from
animal models to humans. Cough receptors have not been identified in humans, although
analogous receptors may be present (Mazzone, 2005) and the distribution of SARs differs
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between species (Schelegle & Green, 2001). Therefore, information obtained from animal models
may be informative but not necessarily applicable in humans.

Methods of researching cough in asthma 1

Cough during bronchoprovocation challenges
Cough during bronchial provocation challenges has been documented for many years (Hargreave
et al., 1986) without significant detail. Recently, researchers have attempted to distinguish CVA
from classic asthma by examining different measures of AHR and/or cough production during
inhalation challenges. Numerous tussive agents have been used to examine cough in individuals
with asthma. These may be categorized as tussive stimuli, or direct, indirect or combined (direct
and indirect) bronchoconstrictive stimuli. Tussive agents, their proposed mechanisms of action
and receptors involved in eliciting cough are depicted in Figure 1 and summarized in Table 1.

Tussive stimuli

Capsaicin and citric acid
Cough challenges using capsaicin or citric acid are mainly performed according to two methods:
the single-dose and dose-response methods (Morice et al., 2007), although other methods have
been reported (Nakajima et al., 2006). Recent recommendations suggest capsaicin or citric acid
solutions be administered in doubling concentrations (ranging from 0.49 - 1,000 µM and 1.95 3,000 mM respectively) using calibrated nebulizers of known outputs and flows (Morice et al.,

1

The section “Methods of researching cough in asthma” and the remainder of the introduction are reprinted

from Current Opinion in Pharmacology, 2011 Volume 11, Turcotte SE and Lougheed MD, Cough in
asthma, pages 231-237, Copyright (2011), with permission from Elsevier. Some additional text is provided
in this thesis.
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2007). The concentration of agent inducing two (C2) and five coughs (C5) within 15 seconds of
dose delivery are reported for analysis.
Capsaicin-induced cough is initiated by direct stimulation of TRPV-1 channels located
within airway C-fibres (Canning et al., 2006; Geppetti et al., 2006). C-fibre activation may lead
to the release of central sensory neuropeptides (tachykinins) that indirectly modulate (increase)
RAR and/or cough receptor pathway activity to cause cough (Canning et al., 2006). Citric acidinduced cough is mediated through RARs, TRPV-1, ASICs and/or extrapulmonary cough
receptors (Undem et al., 2002; Canning, 2010).
Increased cough sensitivity to capsaicin and citric acid is thought to reflect a
pathologically heightened cough reflex. In patients with chronic cough, cough sensitivity to
capsaicin is correlated with increased expression of airway TRPV-1 positive nerves (Groneberg et
al., 2004). Studies examining the capsaicin cough sensitivity of individuals with asthma and CVA
have shown conflicting results. Dicpinigaitis et al. (2002) reported subjects with CVA have a
heightened sensitivity to capsaicin compared with asthma while two other studies have reported
no difference between groups (De Diego et al., 2005; Fujimura et al., 2005).

Direct bronchoconstrictive stimuli

Methacholine, histamine and hypertonic histamine
Although methacholine and histamine were traditionally utilized to assess AHR (Cockcroft,
2010), they have recently been investigated for their tussive properties (Purokivi et al., 2008;
Ohkura et al., 2010). The two most widely used methacholine challenge protocols are: the fivebreath dosimeter protocol and the 2-minute tidal breathing protocol (Crapo et al., 2000), although
other protocols are used. Histamine challenge protocols have also been standardized but will not
be discussed in detail (Cockcroft et al., 1977; Koskela et al., 2005b; Purokivi et al., 2007, 2008).
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Figure 1. Graphic representation of tussive stimuli and proposed mechanisms and receptors
involved in the human cough response. TRPV-1 – transient receptor potential vanilloid-1; ASIC –
acid-sensing ion channels; RAR – rapidly adapting receptor (reprinted from Current Opinion in
Pharmacology, 2011 Volume 11, Turcotte SE and Lougheed MD, Cough in asthma, pages 231237, Copyright (2011), with permission from Elsevier)
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Table 1. Proposed mechanisms and receptors involved in the human cough response to inhaled stimuli and exercise.
Stimulus

Mechanisms Involved

Receptors Involved

Change

Peripheral

Prostaglandins,
15-HETE

Neuropeptides

Leukotrienes
and Histamine

(C-fibres)

Central/

Osmolarity

ASIC

Action

Bronchoconstriction

(C-fibres)

Particulate

TRPV-1

Mediator release

Cough

RARs

Tussive
×?

Capsaicin
Citric Acid

×B

×A

×?

×A

×C
×?

×A

×A

Direct Bronchoconstrictive
Methacholine

×A

×B

Histamine

×A

×B

Indirect Bronchoconstrictive
Exercise

×C

Bradykinin

×B

Hypertonic Saline

×C

×A

×x

Hypertonic Histamine*

×A

×A

×?

×C

×A

Mannitol

×?

×A

×B
×x

×B

×B

×D
×B

×C,D

×B

×C,D
×B

×C

×D

Notes: XA – primary; XB – secondary; XC – tertiary; XD – quaternary; XX – conflicting evidence; X? – Recognized consequence of stimulus
exposure but unknown role in cough response; * – considered a combined bronchoconstrictive stimulus; 15-HETE – 15-hydroxyeicosateraenoic
acid; TRPV-1 – transient receptor potential vanilloid-1; ASIC – acid-sensing ion channels; RARs – rapidly adapting receptors (reprinted from
Current Opinion in Pharmacology, 2011 Volume 11, Turcotte SE and Lougheed MD, Cough in asthma, pages 231-237, Copyright (2011), with
permission from Elsevier)
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The 2-minute tidal breathing protocol is performed by administering doubling
concentrations of methacholine using a calibrated jet nebulizer (Cockcroft, 2010).
Recommendations for the five-breath dosimeter method involve administration of 0.0625, 0.25,
1.0, 4.0 and 16 mg/mL (or higher) of methacholine using a calibrated nebulizer (Crapo et al.,
2000). The tidal breathing method requires subjects to inhale each dose continuously for 2
minutes, while the five-breath method involves five deep inspiratory capacity (IC) inhalations to
TLC with a 5-second breath hold after each administered dose (also occurring within 2 minutes).
During both challenges, single measurements of FEV1 are obtained at 30 and 90 seconds
following each dose. Each 2-minute dosing and subsequent FEV1 measurements are carried out
within 5 minutes from each concentration inhalation (Crapo et al., 2000). Challenges are
considered positive if the PC20 or provocative dose of methacholine inducing a 20% fall in FEV1
(PD20) is ≤ 4 mg/mL.
Both methacholine and histamine act directly on specific airway smooth muscle receptors
to induce bronchoconstriction; however, histamine can also activate airway sensory fibres leading
to amplified bronchospasm (Busse, 2010; Cockcroft, 2010). Hypertonic histamine is considered a
combined (direct and indirect) stimulus due to the direct action of histamine and the indirect
action of the hypertonic aerosol (discussed below) on airway smooth muscle (Koskela et al.,
2005b). Bronchoconstriction can mechanically stimulate airway afferents to induce cough.
Bronchoconstriction-triggered cough is likely mediated by activation of RARs (Koskela et al.,
2005b; Ohkura et al., 2010) rather than cough receptors, as cough receptors are reported to be
insensitive to bronchoconstriction (Canning, 2010).
Bronchoconstriction is postulated as a trigger for cough during methacholine and
histamine challenges in individuals with asthma and CVA because the cough often responds to
bronchodilator therapy. However, many individuals without asthma do cough during
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methacholine challenge despite the absence of a significant decline in FEV1 (Ohkura et al., 2009)
therefore additional mechanisms are likely involved.

Indirect bronchoconstrictive stimuli

Exercise
Exercise challenges, originally used to assess exercise-induced bronchoconstriction (EIB) in
asthma (Crapo et al., 2000), have recently been used to induce cough (Suguikawa et al., 2009).
Exercise challenge testing is performed using either a treadmill protocol or a bicycle ergometer
protocol (Crapo et al., 2000).
During either exercise modality, subjects maintain a target ventilation or heart rate for at
least 4 minutes while breathing dry air with a water content of less than 10 mg/L or conducting
the study in an air-conditioned room with low humidity (Crapo et al., 2000). Standard FEV1
measurements are performed at 5, 10, 15, 20 and 30 minutes following exercise cessation. An
abnormal response (EIB) is considered if there is a 10-15% or more fall in FEV1 from baseline
post-exercise (Crapo et al., 2000).
Inhalation of dry air during exercise dehydrates the airway surface liquid, resulting in
compensatory osmotic dehydration of localized epithelial, eosinophil and mast cells (Anderson,
2010). Dehydration-induced cell shrinkage is thought to cause a complex restorative response in
which, upon re-expansion, cells are stimulated to release mediators (histamine, prostaglandins
and leukotrienes) causing bronchoconstriction (Joos et al., 2003; Anderson, 2010). Exerciseinduced cough may result from bronchoconstriction-induced activation of RARs and/or
osmolarity and cell volume changes leading to sensory nerve activation. The clinical relevance of
exercise-induced cough has received limited attention (De Baets et al., 2005).
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Bradykinin
Bradykinin has been infrequently used (i) to measure AHR and (ii) as a tussive stimulus in
asthma (Joos et al., 2003; Suguikawa et al., 2009; Anderson, 2010). Administration of bradykinin
may be performed using either a tidal breathing protocol (Suguikawa et al., 2009) or five-breath
dosing protocol (Fuller et al., 1991).
Bradykinin is a natural vasoactive peptide that forms during inflammatory processes
(Van Schoor et al., 2000) to affect nerves, smooth muscle and mediator release. Inhalation of
bradykinin causes bronchoconstriction via bradykinin 2 (B2) receptors (Van Schoor et al., 2000;
Joos et al., 2003) and may release other mediators to activate response pathways (Van Schoor et
al., 2000) that initiate cough. The mechanisms by which bradykinin induces bronchoconstriction
(Joos et al., 2003) and cough (Undem et al., 2002) are not fully characterized. Bradykinin acts via
B2 receptors (Undem et al., 2002) to activate TRPV-1 channels (Undem et al., 2002; Geppetti et
al., 2006; Canning, 2010). Bradykinin may also cause cough through tachykinin release (Van
Schoor et al., 2000).
Whether bradykinin-induced cough has clinical relevance is not yet known. Bradykinininduced cough and dyspnea are significantly more intense in asthma subjects with a higher
baseline FEV1 (Suguikawa et al., 2009). The authors suggested that in asthma, patients with
longstanding baseline airflow obstruction develop ‘temporal adaptation’, becoming less
breathless for a given decline in FEV1 than others with a higher baseline FEV1.

Hypertonic saline and hypertonic histamine
Hypertonic saline has been used to assess AHR in individuals responsive to osmotic alterations in
airway surface liquid (Anderson, 2010). The hypertonic saline protocol has been standardized
(Sterk et al., 1993), yet adaptations to this protocol are employed (Koskela et al., 2005b; Koskela
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et al., 2008). A Finnish research group has developed a combined airway challenge of hypertonic
histamine to confirm asthma in individuals with difficult-to-diagnose asthma (Koskela et al.,
2005b, a; Purokivi et al., 2007, 2008).
Aerosols of 4.5% hypertonic saline are standard (Sterk et al., 1993; Anderson, 2010) but
research protocols may utilize higher concentrations (Sterk et al., 1993; Koskela et al., 2005b;
Koskela et al., 2008). Studies using hypertonic saline to induce cough in individuals with asthma
have administered progressively greater concentrations using a tidal breathing method to induce
20 coughs (Koskela et al., 2008), as well as repetitive dosing of the same concentration using a 2minute tidal breathing method, whereby cough was recorded for 90 seconds post-inhalation
(Koskela et al., 2005b). Two consecutive FEV1 manoeuvres are performed 90 seconds following
the 2-minute tidal breathing protocol. Traditional hypertonic saline challenges (with FEV1
measurements performed 60 seconds after each dose and a 15% fall from baseline representing a
positive response) reportedly have a sensitivity of 65% and a specificity of 95% of identifying
subjects with a clinical diagnosis of asthma (Brannan et al., 2005).
The hypertonic histamine challenge is performed by administering doubling
concentrations (0.0075 - 4.0 mg/mL) of histamine solutions using an ultrasound nebulizer
(Purokivi et al., 2007, 2008). Subjects inhale each dose for two minutes with a subsequent 90
second observational period to record the generation of cough. Duplicate FEV1 measurements are
obtained at the end of the 90 second period. The challenge is continued until the FEV1 has fallen
≥ 20% from baseline or the last dose is administered. The novel hypertonic histamine challenge
has the ability to discriminate asthma patients from symptomatic controls with a sensitivity of
81% and specificity of 70% at 0.83 mg/mL (Purokivi et al., 2007).
The osmolarity of the hypertonic solution appears to be the determining factor for airway
response, as greater bronchoconstriction occurs with greater solution osmolarity (Van Schoor et
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al., 2000). Hypertonic saline-induced AHR is believed to be similar to that of exercise challenge.
An increase in airway surface lining osmolarity results in a compensatory osmotic response from
localized epithelial, eosinophil and mast cells (Anderson, 2010) leading to the release of
histamine, prostaglandins and leukotrienes to cause bronchoconstriction. In humans, hypertonic
saline may activate TRPV-1 channels on C-fibres (Canning et al., 2006) to initiate cough through
an unknown but indirect mechanism (Koskela et al., 2008).
Recently, Koskela et al. (2005b) demonstrated that cough during hypertonic saline and
hypertonic histamine inhalation occurs prior to significant bronchoconstriction in subjects with
asthma. Interestingly, some asthma subjects (especially those who were steroid-naïve) coughed
significantly more than healthy subjects (Koskela et al., 2005b). A subsequent study by the same
research group in which bronchoconstriction (as measured by FEV1) was prevented, found that
individuals with both chronic cough and asthma are more cough-sensitive to hypertonic saline
than healthy subjects and subjects with chronic cough without asthma (Koskela et al., 2008). The
authors postulated that subjects with asthma demonstrate an enhanced cough sensitivity during
hypertonic saline and hypertonic histamine challenges in the absence of significant
bronchoconstriction as a result of an abnormally sensitive neural apparatus (Koskela et al.,
2005b; Koskela et al., 2008).

Mannitol
Anderson et al. (1997) developed a novel indirect challenge to assess AHR in individuals with
active asthma using inhaled dry powder mannitol. The mannitol challenge test was developed to
simplify AHR testing in individuals known to have EIB and sensitivity to hypertonic saline.
The protocol (Anderson et al., 1997; Anderson et al., 2009) consists of baseline
spirometry, followed by inhalation of mannitol from a handheld delivery device. Subjects
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generally perform one deep IC inhalation to TLC for each capsule administered. Subjects are
instructed to hold their breath at TLC for 5 seconds for proper dose delivery, after which a 60
second timer is initiated. Two consecutive FEV1 measurements are then performed following the
60 second period to assess lung function.
Similar to other indirect challenges, inhaled mannitol likely causes airway narrowing by
increasing the osmolarity of the airway surface lining resulting in mediator release from localized
cells (Leuppi et al., 2002a). Release of these mediators is thought to result in bronchoconstriction
and/or cough in susceptible individuals. However, cough may also result from the administration
of mannitol itself. In individuals with active allergic rhinitis, nasal administration of mannitol
results in increased release of 15-hydroxyeicosateraenoic acid (15-HETE) (Koskela et al., 2000).
The release of 15-HETE, a potent activator of TRPV-1 channels and potential cough inducer,
suggests an involvement of epithelial cells in this osmotic response (Koskela et al., 2004). Of
note, TRPV-1 activation may influence respiratory sensations including the perception of dyspnea
as well as cough (Fisher, 2009). Mannitol-triggered cough may also reflect physical activation of
sensory afferents as inhaled particles impact the airway wall during administration.
Investigators have suggested that cough during mannitol bronchoprovocation may be of
value in identifying individuals with asthma (Koskela et al., 2004; Koskela et al., 2005c; Spector,
2010). Mannitol-induced cough may reflect a pathophysiologic response associated with asthma,
as some individuals with asthma cough more than healthy individuals during mild
bronchoconstriction (< 5% decline in FEV1) (Koskela et al., 2004).
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Recent evidence and distinguishing characteristics of asthma and cough variant
asthma

Bronchoprovocation responses

Cough sensitivity
The cough sensitivity of children with different presentations of asthma has recently been
examined using inhaled capsaicin (Jesenak et al., 2009). Children with asthma during an acute
exacerbation, atopic asthma and asthma with concomitant allergic rhinitis demonstrated
significant increases in cough sensitivity compared to healthy controls. The cough sensitivity of
those who coughed during acute asthma exacerbations was reported to be significantly greater
than those who did not cough during exacerbations (data were not presented) but it is unclear if
cough was the primary symptom of these subjects (Jesenak et al., 2009). These findings support
the notion that airway inflammation increases the cough reflex (Niimi, 2008) as active asthma
and allergic/atopic asthma were associated with enhanced cough sensitivity. The prevalence of
atopy in subjects with CVA is estimated to range from 40 - 80% (Niimi et al., 2009). Increased
cough sensitivity in individuals with CVA may also be the result of increased expression of
TRPV-1 positive airway nerve endings (Groneberg et al., 2004). The pathophysiological basis of
capsaicin cough hypersensitivity in asthma and CVA (Niimi, 2008) remains controversial (Smith,
2010). The discrepant findings (Dicpinigaitis et al., 2002; De Diego et al., 2005; Fujimura et al.,
2005) between studies may be partly explained by differences in airway inflammation within
respective study populations (De Diego et al., 2005).

24

Inflammation in asthma and cough variant asthma
It has long been recognized that eosinophilic inflammation is fundamental to both asthma and
CVA (Niimi et al., 1998). The role of neutrophilic inflammation in CVA has recently received
attention. Matsuoka et al. (2010) retrospectively studied the sputum of 98 steroid-naïve subjects
with CVA over 24 months to examine the relevance of inflammatory sub-types. Sputum analysis
indicated that neutrophils may contribute to the pathophysiology and severity of CVA only in the
presence of eosinophils, as individuals with mixed sputum eosinophilia and neutrophilia required
significantly greater inhaled corticosteroid maintenance doses compared to those with sputum
neutrophilia alone. The authors suggested that neutrophils may be activated in the presence of
eosinophils (Matsuoka et al., 2010). Interestingly, sputum from individuals with severe asthma
treated with inhaled steroids has greater percentages of eosinophils, neutrophils and molecules
associated with a neutrophilic inflammatory response when compared to individuals with
moderate asthma (Shannon et al., 2008). Interleukin 8 (IL-8) levels are increased in the
epithelium and sub-epithelium of subjects with severe asthma and IL-8 may act on airway smooth
muscle to facilitate remodelling (Shannon et al., 2008). The study also reported that sputum
neutrophils had a modest inverse correlation with FEV1 whereas eosinophils or the expired
fraction of nitric oxide (FENO) did not (Shannon et al., 2008). Eosinophilic inflammation of the
airways accompanied by neutrophilic infiltration may contribute to progressive decline in FEV1,
perhaps due to airway remodelling.

Cough during indirect bronchoprovocation
Chronic cough and asthma appear to be associated with cough during hypertonic challenges in the
absence of significant bronchoconstriction (Koskela et al., 2008; Purokivi et al., 2008). Koskela
et al. (2008) suggested the osmotic effects of hypertonic saline may initiate a series of events in
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diseased airway mucosa to stimulate TRPV-1 channels and cough; however, they also noted
difficulty in partitioning the effects of bronchoconstriction from their results. In their study,
subjects preceded hypertonic saline challenge with salbutamol inhalation in an effort to prevent
bronchoconstriction (Koskela et al., 2008) and FEV1 (a variable associated with the large
airways) was used to measure bronchoconstriction. The authors suggested bronchoconstriction of
the small airways may have been a source of error as this may have participated in saline-induced
cough. Bronchoconstriction-associated cough occurs late (within 5 minutes following dose
administration) as opposed to during inhalation of a bronchoconstricting agent (Lowry 1995 PhD
thesis, University of Salford, 1994) (Higenbottam, 2002). Although cough occurred during
nebulization of hypertonic-saline, the greatest number of coughs occurred 1 - 2 minutes (Koskela
et al., 2008) after nebulization and may be associated with small airway obstruction. We postulate
cough occurring during hypertonic saline nebulization may be the result of increased osmolarity
of the airway surface lining, while cough occurring after dose administration may be secondary to
small airway obstruction.

Cough during methacholine bronchoprovocation
Methacholine-associated cough is a natural phenomenon thought to be triggered by
bronchoconstriction (Ohkura et al., 2009). Ohkura et al. (2010) demonstrated that subjects with
moderate to severe asthma have increased AHR but an impaired cough response to high-dose
methacholine when compared to healthy individuals. Subjects with CVA are less sensitive, less
reactive and wheeze less during methacholine challenge compared to individuals with classic
asthma; however, subjects with CVA cough more frequently (Matsumoto et al., 2009). In fact, a
diagnosis of CVA is associated with methacholine-induced cough (Matsumoto et al., 2009).
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Lougheed et al. (Lougheed & Fisher, 2007; 2009) have described individuals with
suspected CVA who cough during high-dose methacholine challenge and who demonstrate
normal airway sensitivity (PC20 > 16 mg/mL). These individuals develop small airway obstruction
and increased esophageal pressures (Pe) prior to a cough, which partially normalize following a
deep inspiration and cough. They postulated that preservation of the bronchoprotective effect of a
deep inspiration may explain the partial normalization of end-expiratory Pes and flows postcough in these individuals. Similarly, Ohkura et al. (2009) demonstrated methacholine-induced
cough was associated with the bronchodilating effect of a deep inspiration in healthy subjects
without asthma. We speculate that preservation or loss of the bronchoprotective effect of a deep
inspiration may also be the fundamental pathophysiologic feature distinguishing asthma from
related conditions such as CVA, EB and methacholine-induced cough and normal airway
sensitivity.
In individuals with asthma demonstrating AHR to methacholine, approximately 50% also
demonstrate AHR to mannitol (Porsbjerg et al., 2008). To our knowledge, mannitol challenge
testing has not been investigated in individuals with CVA or in individuals with methacholineinduced cough and normal airway sensitivity. The relationship between cough, AHR and the
bronchoprotective effect of a deep inspiration should be compared amongst subjects with asthma,
CVA and related conditions using stimuli that have different mechanisms of action (i.e. direct and
indirect mechanisms) to determine whether mechanical and/or physiological differences can be
identified between these conditions.

Summary
Detailed comparisons of the physiologic responses to tussive challenges provide new insights into
the pathophysiologic mechanisms of cough in asthma and related eosinophilic airway
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inflammatory conditions such as CVA. Cough responses during bronchial provocation are
dependent upon the administered stimulus, as well as the physiological condition of the individual
under examination. Individuals with chronic cough and individuals with asthma have increased
cough-sensitivity compared with healthy controls during hypertonic challenge in the absence of
significant bronchoconstriction, reflecting a pathophysiological phenomenon which may be
heightened in the presence of inflammation. Bronchoconstriction-associated cough reflects a
normal physiological response. However, cough during methacholine challenge appears to be
blunted in individuals with asthma, while individuals with CVA retain the cough response to
bronchoconstriction. Inflammation and cellular infiltration into the airway mucosa may lead to
cough, AHR and airway remodelling – a progression of events consistent with the development
of asthma. Recent findings are consistent with a continuum-based model of asthma symptoms.
Enhanced knowledge of the basic distinctions between asthma and CVA (at the receptor, cellular
and/or tissue level) may lead to the development of novel pharmacotherapeutic and management
regimens for cough alleviation.

Research Aim
The purpose of this research is to use mannitol and high-dose methacholine bronchoprovocation
testing to explore the physiology of cough and airway responsiveness in individuals with: (i)
asthma; (ii) CVA and (iii) methacholine-induced cough and normal airway sensitivity.

Hypotheses
1) Mechanical responses recorded during mannitol bronchoprovocation and high-dose
methacholine bronchoprovocation will reflect a continuum between groups of individuals
with: (i) asthma; (ii) CVA and (iii) methacholine-induced cough and normal airway
sensitivity. Individuals with asthma will demonstrate the most severe responses, individuals
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with CVA will demonstrate intermediate responses and individuals with methacholineinduced cough and normal airway sensitivity will demonstrate the smallest responses due to
varying degrees of impairment/preservation of the bronchoprotective and bronchodilating
effects of deep inspirations.

2) Approximately half of the individuals with AHR to methacholine (asthma and CVA groups)
and less than half of the individuals with methacholine-induced cough and normal airway
sensitivity will display AHR to mannitol and develop mannitol-induced cough, small airway
obstruction, dynamic hyperinflation, gas trapping and AutoPEEP.

3) Mechanical responses recorded during mannitol bronchoprovocation will be comparable to
those recorded during high-dose methacholine bronchoprovocation at the highest equivalent
level of bronchoconstriction for individuals with: (i) asthma; (ii) CVA and (iii) methacholineinduced cough and normal airway sensitivity.

Research Questions and Objectives
1. To determine whether mechanical responses to: a) mannitol and b) high-dose methacholine
bronchoprovocation testing differ between groups of individuals with: (i) asthma; (ii) CVA
and (iii) methacholine-induced cough and normal airway sensitivity, we will compare
responses recorded during mannitol and high-dose methacholine challenges, at PD15
(mannitol), PC20 (methacholine) and the maximum administered dose of methacholine.
Comparisons will include: cough frequency; spirometry; lung volumes; Pes-derived
measurements and dose-response curve characteristics (presence or absence of a plateau

29

response, and maximum response [defined as the average of three or more plateau response
measurements]).

2. We will determine if individuals with: (i) asthma; (ii) CVA and (iii) methacholine-induced
cough and normal airway sensitivity display AHR to mannitol by measuring the primary
outcome variable: the PD15. Spirometry, lung volumes and Pes-derived measurements will be
analysed. Responses will be compared to baseline for stratified groups (i.e. for individuals
with: (i) asthma; (ii) CVA and (iii) methacholine-induced cough and normal airway
sensitivity).

3. To determine whether the mechanical responses recorded during mannitol
bronchoprovocation are comparable to responses recorded during high-dose methacholine
bronchoprovocation in individuals with: (i) asthma; (ii) CVA and (iii) methacholine-induced
cough and normal airway sensitivity, we will compare responses recorded during mannitol
and high-dose methacholine challenges at the highest equivalent level of bronchoconstriction
(as measured by %∆FEV1 from baseline). Comparisons will include: (a) spirometry and lung
volumes recorded during mannitol and high-dose methacholine bronchoprovocation testing at
PD15 and PC20 respectively and (b) measurements recorded during mannitol and high-dose
methacholine bronchoprovocation testing at the highest equivalent level of
bronchoconstriction.
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Chapter 2: Materials and Methods
Subjects
Individuals with (a) asthma, and (b) chronic cough and suspected CVA, who previously
participated in or who had expressed interest in participating in research were invited to
participate. Subjects (aged 18 - 65) were recruited from the Asthma Research Unit study database
and affiliated asthma clinics. Confirmation of asthma and CVA diagnoses were made by careful
history assessment and the results of objective testing. Subjects were then classified into three
groups having: (i) asthma – individuals with episodic respiratory symptoms that occur in
association with variable airflow obstruction (Canadian Asthma Consensus Guideline definition
(Boulet et al., 1999)); (ii) CVA – chronic cough (≥ 8 weeks) is the sole or primary symptom and
positive response to methacholine challenge (PC20 ≤ 16 mg/mL) (Fujimura et al., 2003) and (iii)
methacholine-induced cough and normal airway sensitivity – chronic cough (≥ 8 weeks) is the
sole or primary symptom and negative response to methacholine challenge (PC20 > 16 mg/mL).
Exclusion criteria were as follows:
1) an asthma exacerbation requiring any alteration in medication, emergency department
visit(s) or hospitalization(s) within the previous 4 weeks;
2) inability to perform acceptable-quality spirometry;
3) myasthenia gravis (current use of cholinesterase inhibitors);
4) current smoker or smoking history in excess of 10 pack years;
5) aortic or cerebral aneurysm, uncontrolled hypertension, uncontrolled hyperthyroidism,
myocardial infarction or cerebral vascular accident in the previous 6 months;
6) women who were pregnant or breastfeeding (Crapo et al., 2000);
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7) failure to cough during methacholine challenge (for subjects who displayed normal
airway sensitivity to methacholine).
Subjects taking inhaled or systemic corticosteroids were not excluded. Medication use was
recorded at baseline and examined during analysis.
The study protocol was approved by the Queen’s University Health Sciences Research
Ethics Board (HSREB) (Appendix A). A Letter of No Objection was received by Health
Canada’s Therapeutic Products Directorate (TPD) and Natural Health Products Directorate
(NHPD) (Clinical Trials Registry Number: NCT01064245) (Appendix B).

Study design
Visit 1: The study design is illustrated in Figure 2. After obtaining informed consent (see
Appendix C), medical history and screening for exclusion criteria, subjects underwent pulmonary
function testing (spirometry and lung volumes), completed the Leicester Cough Questionnaire
(LCQ) (Birring et al., 2003) and had their FENO measured. Subjects were block randomized to
complete either mannitol or high-dose methacholine challenge testing, one of which was
performed on visit 1. Participants also completed a sputum induction protocol following the highdose methacholine challenge. The order was standardized because mannitol-induced sputum
contains more squamous cell contamination compared to hypertonic saline-induced sputum
(Wood et al., 2010). Visit 2: The second visit occurred 2-14 days following the initial visit and
consisted of pulmonary function testing, a second LCQ and the other challenge test (either
mannitol or high-dose methacholine with sputum induction).
Subjects were asked to not use bronchodilators prior to testing according to ATS
guidelines for methacholine challenge testing:
a) inhaled non-steroidal anti-inflammatory agents (6-8 hours)
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Mannitol

Mannitol

Spirometry
Exhaled
Nitric Oxide

At least 48 hours, less than 2 weeks
Figure 2. Study design.
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b) short-acting β2-agonists (8 hours)
c) inhaled corticosteroids (12 hours)
d) ipratropium bromide anticholinergics (24 hours)
e) inhaled corticosteroids plus long-acting β-agonists (48 hours)
f) long-acting β2-agonists (48 hours)
g) theophylline preparations (48 hours)
h) tiotropium bromide anticholinergics (72 hours)
i)

antihistamines (72 hours)

j)

leukotriene receptor antagonists (4 days) (Crapo et al., 2000).

Methacholine challenge testing
Methacholine challenges were performed using Provocholine® (methacholine chloride;
Methapharm Ltd., Brantford, ON, Canada) according to a standardized high-dose tidal breathing
protocol (Sterk et al., 1985a) following ATS recommendations (Crapo et al., 2000). Subjects
performed two acceptable-quality baseline spirometric manoeuvres prior to administration of the
first dose. While seated in the upright position, subjects inhaled doses from a Wright RX 160
nebulizer (Roxon Medi-Tech, Montreal, QC, Canada) for 2 minutes. Isotonic saline (0.9%) was
first administered as a control, followed by doses ranging from 0.03 - 256 mg/mL. Doses were
administered within approximately 5 minute intervals of each other (Crapo et al., 2000). The
nebulizer was driven by compressed oxygen and calibrated to deliver 3.5 mL aliquots of solution
at a rate of 0.13 mL/min. FEV1 measurements were obtained at approximately 60 seconds and at
approximately 120 seconds after the 2-minute tidal breathing period. Values from the lowest postdose FEV1 measurement were analysed.
Tests were terminated: (1) when the FEV1 decreased by 50% from baseline for high-dose
testing; (2) if a plateau had been reached (defined as < 5% change in FEV1 over 2 or more dose
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steps, after an initial decrease of > 10%); (3) if a subject developed intolerable symptoms; or (4)
if the last dose (256 mg/mL) was administered (Sterk et al., 1985a). The provocative
concentration of methacholine that induced a 20% fall in FEV1 (PC20) from baseline was
interpolated from log10 dose-response curves. Coughs were defined as audible expiratory
manoeuvres against a closed glottis (Morice, 2008; Chung et al., 2009). AHR to methacholine
was defined as a PC20 ≤ 16 mg/mL (Crapo et al., 2000). The number of coughs at each dose was
manually recorded during the bronchoprovocation test.

Mannitol challenge testing
Mannitol challenges were conducted using Aridol™ (mannitol or D-mannitol; Pharmaxis Ltd.,
French’s Forest, NSW, Australia) standardized test kits as recommended by the manufacturer and
previously described (Anderson et al., 2009). Two acceptable-quality spirometric manoeuvres
preceded the mannitol challenge to establish a resting “baseline” FEV1. Mannitol challenges
began when a 0 mg capsule (placebo) was inserted into the inhalation device and punctured once
by the investigator. Seated individuals with applied nose clips completely exhaled and performed
a deep and controlled inhalation from the device to TLC. A stopwatch timer began when
inhalation was completed. Subjects held their breath for 5 seconds prior to exhalation. FEV1
measurements were obtained at approximately 60 seconds and at approximately 120 seconds
from when the stopwatch began (to establish the placebo FEV1). Values from the lowest postdose FEV1 measurement were analysed.
The same procedure was followed for 5, 10, 20, 40, 80, 160, 160, and 160 mg dose
administrations until: (1) a 15% fall in FEV1 from placebo was achieved; (2) a cumulative dose of
635 mg was administered; or (3) the subject developed intolerable symptoms. The provocative
dose of mannitol that induced a 15% fall in FEV1 (PD15) from baseline was interpolated from
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log10 dose-response curves. AHR to mannitol was defined as a PD15 ≤ 635 mg (Anderson et al.,
1997; Anderson et al., 2009). The number of coughs subjects generated was manually recorded
during the mannitol challenge.

Measurements
Pulmonary function testing: Spirometric measurements were recorded using a 6200
Autobox DL (SensorMedics, Yorba Linda, CA, USA) and a Vmax V62J Autobox (VIASYS
Respiratory Care Inc., Yorba Linda, CA, USA) according to ATS standards (1987). Constantvolume body plethysmography was performed to obtain lung volumes and specific Raw (sRaw).
Lung volumes were measured at: (i) baseline on each visit day; (ii) PD15 or at the maximum
administered dose of mannitol (iii) and PC20 and/or the maximum administered dose of
methacholine. A standardized panting frequency of 1 Hz was used to minimize frequencydependent overestimation of thoracic gas volume (Vtg) during bronchoconstriction (Rodenstein
& Stanescu, 1983). Spirometry was used to measure: FEV1, FVC, the FEV1/FVC ratio, FEF50%,
FEF25-75% and FEF75%. IC was measured from the flow-volume loop. TLC was calculated as the
sum of FRC and IC. As validated by Lougheed et al. (1993), dynamic end-expiratory lung
volume (EELVdyn) was calculated as TLC minus IC. Predicted values for spirometry, lung
volumes, and Raw were those of Morris and coworkers (1971), Goldman and Becklake (1959),
and Briscoe and Dubois (1958), respectively.
Induced sputum: Hargreave’s sputum induction method (Pizzichini et al., 1996a;
Pizzichini et al., 1996b; Pizzichini et al., 1996c) was performed to quantify sputum eosinophils,
neutrophils, macrophages and lymphocytes. Subjects inhaled 200 µg of salbutamol using a
sterilized spacer prior to saline inhalation to minimize bronchoconstriction. Successive doses of
saline (3%, 4% and 5%) were inhaled using a Universal III ultrasonic nebulizer (Methapharm Inc.
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Oakville, ON, Canada) for 8 minute intervals to acquire sputum samples. Sputum eosinophil
percentages ≥1.01% were considered abnormal (Simpson et al., 2006).
Exhaled nitric oxide measurement: The FENO was measured using a NIOX MINO®
(Aerocrine AB, Solna, Sweden) according to ATS/ERS standards (2005). FENO measurements
were performed prior to challenge testing to avoid confounding of results. After inhaling room
air, subjects exhaled (without nose clips) from TLC into the device. Resistance provided by the
device created an exhaled flow rate of 50 mL/s to avoid nasal airflow contamination.
Leicester Cough Questionnaire: Subjects completed LCQs at visits 1 and 2 to assess their
quality of life with respect to cough (Birring et al., 2003). The questionnaire is a valid measure of
chronic cough and is responsive to change over time.
Pulmonary pressures and breathing pattern: Breathing pattern was measured using a
pneumotachometer (Pneumotach Model 3, Fleisch, Lausanne, Switzerland) and a data acquisition
system (Advanced CODAS, Harvard Apparatus, Saint Laurent, QC, Canada) during the highdose methacholine and mannitol challenges.
Respiratory mechanics: Pes was recorded for approximately 30 seconds before and after
the first FEV1 measurement at each dose using a balloon-tipped catheter system during high-dose
methacholine and mannitol challenges. Following oral application of 2% aerosolized lidocaine
hydrochloride (Astra Zeneca, Mississauga, ON, Canada) and nasal application of 2% lidocaine
jelly (Alveda Pharmaceuticals, Belleville, ON, Canada), a 10 cm non-latex balloon (Cooper
Surgical, Trumbul, CT, USA) was positioned according to an accepted technique (Baydur et al.,
1982). The balloon was inflated with 1 mL of air and connected by a polyethylene catheter to a
differential pressure transducer. Custom software (Respiration 2.0) designed to compute
respiratory mechanics was used during data analysis. The software used does not automatically
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generate some of the detailed pulmonary mechanics measurements (such as AutoPEEP) which
will require manual analyses.
Expiratory Flow Limitation: Flow-volume loops were analysed at the maximum
administered dose of mannitol to determine the amount of expiratory flow limitation (EFL)
present. EFL was measured as the mean percentage overlap of maximal expiratory flow
impinging on tidal volume (VT) on the flow-volume loop (Johnson et al., 1999).

Statistical analysis
Continuous variables were expressed as mean ± SD unless indicated otherwise. The frequency of
maximal airway response plateaus within groups and the magnitudes of plateaus were calculated
within each group. For continuous variables (including spirometry, lung volume, Pes-derived
pulmonary measurements, LCQ scores and magnitudes of maximal airway response plateaus),
within group comparisons were made using paired t-tests and between groups comparisons were
made using ANOVA with Bonferroni correction for multiple comparisons. For non-continuous or
non-normally distributed variables (including proportions of gender, medication use, sputum
inflammatory cells, FENO, inflammatory conditions, presence of maximal airway response
plateaus and cough frequencies), between groups comparisons were done using Kruskal-Wallis
tests with post hoc Mann-Whitney U tests. Two-sided Sign tests were used for dependent sample
non-parametric comparisons (cough frequency). The proportion of individuals displaying EFL
and AHR to mannitol were compared to those displaying EFL and normal airway sensitivity to
mannitol using a Chi-squared test. The amount of EFL (mean % overlap of VT) was compared
between the group displaying AHR to mannitol and the group displaying normal airway
sensitivity to mannitol using a Mann-Whitney U test. In cases where statistical comparisons were
made on low sample sizes, Kruskal-Wallis tests with post hoc Mann-Whitney U tests were
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performed. A change between visits of >2.56 in the total LCQ score was considered significant
(Birring et al., 2003). Comparisons at the highest equivalent level of bronchoconstriction were
made after matching individual %∆FEV1 (from baseline) measures recorded during mannitol and
methacholine challenges to within ± 5%. A conventional level of statistical significance of p<0.05
was used in all analyses. Analyses were performed using SPSS version 20.0.0 (IBM Corporation;
Chicago, IL, USA). Appendix D displays the analysis plan to address the hypotheses.
A sample size of 24 (8/group) was required to detect a significant difference in FEV1 (%
change) at maximum response between groups as well as the planned subanalyses. To determine
whether mechanical responses to mannitol and high-dose methacholine challenges reflected a
continuum between groups, ANOVA with Bonferroni correction for multiple comparisons were
used to detect significant differences in ΔFEV1,, ΔIC and ΔRV between groups. Assumptions are:
clinically relevant difference (SD) in % change in FEV1 5% (5%); IC 5% (5%); RV 5% (5%);
PC20 and PD15 1 doubling; α=0.05, β=0.20 or a power of 80% and a two-tailed test of
significance.
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Chapter 3: Results
Subject characteristics
Of 32 volunteers screened, 29 were enrolled in the study (Figure 3). Three were excluded
following enrolment, two because they developed upper respiratory tract infections after visit 1,
the other because he/she could not complete the study protocol during visit 2. Of 26 subjects who
completed both mannitol and high-dose methacholine challenges, four were excluded because
they did not cough during the methacholine challenge (n=3) or did not receive methacholine
doses due to safety precautions (n=1). Twenty-two subjects who completed both mannitol and
high-dose methacholine challenges were included in analyses.
Most subjects (mean ± SD; age 48.0 ± 12.7 years) were female with a mean BMI of 27.8
± 5.4 kg/m2. Subject groups were well matched for age, gender, height, weight and BMI (Table
2). Fifteen subjects had measurable PC20s to methacholine (mean 11.5 ± 19.5 mg/mL) and 12
subjects demonstrated AHR to mannitol (mean PD15 = 309.2 ± 234.6 mg). A contingency table
outlining AHR to mannitol and methacholine is presented in Figure 4. Significant differences in
both PC20 and PD15 were found between groups using ANOVA and Kruskal-Wallis tests (Table
2). Three subjects with asthma (38%), 2 subjects with CVA (40%) and 5 subjects with
methacholine induced-cough and normal airway sensitivity (63%) developed maximal airway
response plateaus during high-dose methacholine bronchoprovocation (Kruskal-Wallis p=0.739).
The mean level of plateau response (ΔFEV1 from baseline to plateau ) of the asthma group and
the methacholine-induced cough and normal airway sensitivity group were 29.2 ± 5.8 % and 14.1
± 3.4 % respectively. The 2 subjects with CVA who displayed maximal airway response plateaus
to methacholine had changes in FEV1 of 17.9 % and 34.2 % from baseline. The magnitudes of
maximal airway response plateaus between subjects with asthma and subjects with methacholine40

Figure 3. Flow diagram of subject recruitment. MCh = methacholine; CVA = cough variant
asthma; FEV1 = forced expiratory volume in one second.
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Table 2. Subject characteristics of stratified groups.

Age (yrs)
Gender (% female)
Height (cm)
Mass (kg)
BMI (kg/m2)
Smoking History (pack yrs)
PC20 (mg/mL) MCh
PD15 (mg) Mannitol
Allergies (%)
Eczema (%)
Rhinitus/Sinusitis (%)

Asthma

Cough Variant
Asthma

MCh Negative
with Cough

(n=8)
43.4 ± 13.6
75
167.4 ± 7.0
76.1 ± 12.1
27.1 ± 3.6
5.5 ± 3.1 n=6
3.6 ± 5.0

(n=5)
53.6 ± 8.5
80
165.4 ± 5.6
82.1 ± 19.1
30.1 ± 7.6
0
5.9 ± 6.4 ‡‡

(n=9)
48.9 ± 13.5
77.8
166.0 ± 9.7
76.0 ± 24.0
27.1 ± 5.6
3.0 n=1
57.4 ± 9.3 n=2 ‡

115.2 ± 100.0 n=6

533.6 ± 88.3 n=3 §

472.8 ± 203.0 n=3 §§

87.5
12.5
37.5

60
0
20

55.6
11.1
33.3

P-Value
0.370
0.978
0.896
0.829
0.571
N/A
0.045
0.016
0.351
0.731
0.807

All values are Mean ± SD. MCh = methacholine; BMI = body mass index; yrs = years; PC20 = provocative
concentration eliciting a 20% decline in FEV1 from baseline; PD15 = provocative dose eliciting a 20% decline in
FEV1 from baseline; N/A = not applicable.
‡
p=0.037, significantly different from Asthma group using Kruskal-Wallis test and post hoc Mann-Whitney U
test.
‡‡
p=0.053, near significant difference from MCh Negative with Cough group using Kruskal-Wallis test and post
hoc Mann-Whitney U test.
§
p=0.020, significantly different from Asthma group using Kruskal-Wallis test and post hoc Mann-Whitney U
test.
§§
p=0.037, significantly different from Asthma group using Kruskal-Wallis test and post hoc Mann-Whitney U
test.

Figure 4. Categorization of subjects demonstrating AHR to methacholine and mannitol.
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induced cough and normal airway sensitivity were significantly different (Kruskal-Wallis
[p=0.050] with post hoc Mann-Whitney U test p=0.025).
Twelve subjects reported having a diagnosis of asthma (that had been confirmed with
pulmonary function tests) 16.6 ± 14.5 years previously. Individuals with asthma (n = 7) and
individuals with methacholine-induced cough and normal airway sensitivity (n=3) reported
asthma diagnoses of 16.3 ± 12.3 years duration and 17.0 ± 21.7 years duration respectively. Two
subjects with CVA reported asthma diagnoses of 2 and 32 years duration respectively. Fifteen
subjects were taking inhaled corticosteroids, 13 were using short-acting ß2-agonists, nine were
using combination (inhaled corticosteroid plus long-acting ß2-agonist) therapy, three were using
antileukotriene medications and one subject was taking an oral steroid (Table 3). Medication use
was not significantly different between groups.
Sputum was induced in fourteen subjects: in seven subjects with asthma; one subject with
CVA and six subjects with methacholine-induced cough and normal airway sensitivity. There
was a borderline significant difference in proportions between groups who participated in sputum
induction (Kruskal-Wallis test, p = 0.056). Four subjects (one with asthma and three with
methacholine-induced cough and normal airway sensitivity) could not produce sufficient sputum
for analysis and two samples (both from subjects with asthma) contained mainly squamous cells
unsuitable for analysis. There were no significant differences in history of allergies, eczema and
rhinitis/sinusitis between groups (Table 2). Due to small sputum and FENO sample sizes, statistical
analyses were not performed between groups (Table 4). Percentages of sputum eosinophils for
subjects with asthma and methacholine-induced cough and normal airway sensitivity ranged from
0.5 - 11.8 % and 0.3 - 1.0% respectively. All subjects reported cough to be one of their symptoms
(Table 5). Both CVA and methacholine-induced cough subjects reported cough to be their sole or
predominant symptom. Reported symptoms did not differ between subject groups.
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Table 3. Medication use.

SABA Use (%)
LABA Use (%)
Inhaled Steroid Use (%)
Combination Therapy Use (%)
Oral Steroid Use (%)
Antileukotriene Use (%)

Asthma

Cough Variant
Asthma

MCh Negative
with Cough

(n=8)
87.5
50
87.5
50
12.5
12.5

(n=5)
40
40
60
40
0
20

(n=9)
44.4
33.3
55.6
33.3
0
11.1

P-Value
0.133
0.792
0.351
0.792
0.417
0.896

MCh = methacholine; SABA = short-acting ß2-agonist; LABA = long-acting ß2-agonist.

Table 4. Indices of airway inflammation.
Asthma
Neutrophils (%)
Eosinophils (%)
Macrophages (%)
Lymphocytes (%)
FENO (ppb) on MCh Visit
FENO (ppb) on Man Visit

(n=8)
39.1 ± 16.7 n=4
4.9 ± 4.9 n=4
53.2 ± 17.2 n=4
10.8 ± 16.1 n=4
22.0 ± 19.1 n=3
24.0 ±22.5 n=3

Cough Variant
Asthma
(n=1)
50.8
0.8
44.8
3.8
11
12

MCh Negative
with Cough
(n=9)
30.1 ± 12.3 n=3
0.33 ± 0.57 n=3
68.2 ± 12.1 n=3
1.4 ± 0.4 n=3
22.0 n=1
13.0 ± 1.4 n=2

P-Value
N/A
N/A
N/A
N/A
N/A
N/A

All values are Mean ± SD. MCh = methacholine; Man = mannitol; FENO = exhaled Nitric Oxide; ppb = parts
per billion; N/A = not applicable.

Table 5. Reported symptoms.
Asthma
SOB (%)
Wheeze (%)
Cough (%)
Chest Tightness (%)

(n=8)
100
75
100
87.5

Cough Variant
Asthma
(n=5)
40.0 ‡
60
100
40

MCh Negative
with Cough
(n=9)
55.6 ‡‡
22.2
100
77.8

All values are Mean ± SD. MCh = methacholine; SOB = shortness of breath.
‡
p=0.016, compared to the Asthma group using post hoc Mann-Whitney U test.
‡‡
p=0.036, compared to the Asthma group using post hoc Mann-Whitney U test.
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P-Value
0.051
0.093
1.000
0.171

Total LCQ scores did not differ significantly between groups at baseline (Table 6). Four
individuals (two with asthma and two with methacholine-induced cough and normal airway
sensitivity) had changes of >2.56 in their total LCQ score between visits 1 and 2. At visit 2,
subjects with methacholine-induced cough and normal airway sensitivity were significantly more
affected by cough compared to the asthma group (Table 7).

Baseline spirometry
Baseline spirometry and lung volumes were comparable in subjects with asthma and subjects
with methacholine-induced cough and normal airway sensitivity on mannitol and methacholine
visit dates (Appendices E and G). Subjects with CVA presented with significantly greater gas
trapping on methacholine visits compared to mannitol visits (Appendix F). At mannitol visits,
subjects with CVA had significantly greater baseline sRaw compared to subjects with
methacholine-induced cough and normal airway sensitivity (Appendix H). Pes measurements and
breathing frequency were comparable between all groups at baseline on both visits (data not
presented).
Baseline spirometry and lung volume measurements collected at methacholine visits
indicated: (i) near significant differences in large airway calibre and small airway calibre between
subjects with CVA and subjects with methacholine-induced cough and normal airway sensitivity;
and (ii) significant differences in gas trapping between groups (Appendix I). Subjects with CVA
demonstrated significantly greater baseline sRaw compared to subjects with methacholineinduced cough but normal airway sensitivity. At both methacholine and mannitol visits, subjects
with asthma and subjects with CVA tended to have smaller mid-to-late flows compared to
subjects with methacholine-induced cough and normal airway sensitivity (this did not reach
significance).
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Table 6. Leicester Cough Questionnaire scores at visit 1.
Asthma
Physical Domain
Psychological Domain
Social Domain
Total Score

(n=8)
5.4 ± 1.0
6.0 ± 1.3
5.8 ± 1.4
17.3 ± 3.5

Cough Variant
Asthma
(n=5)
5.4 ± 0.7
5.5 ± 1.2
5.3 ± 1.7
16.2 ± 3.4

MCh Negative
with Cough
(n=9)
4.8 ± 1.1
4.5 ± 1.9
4.1 ± 1.7
13.4 ± 4.5

P-Value
0.328
0.134
0.104
0.136

MCh = methacholine; SOB = shortness of breath.

Table 7. Leicester Cough Questionnaire score at visit 2.
Asthma
Physical Domain
Psychological Domain
Social Domain
Total Score

(n=8)
5.7 ± 0.6
6.0 ± 0.8
6.1 ± 0.9
17.8 ± 2.2

Cough Variant
Asthma
(n=5)
5.2 ± 0.8
5.5 ± 1.2
5.4 ± 1.4
16.1 ± 3.3

MCh Negative
with Cough
(n=9)
5.1 ± 1.1
4.7 ± 1.3 ††
4.2 ± 1.3 †
14.0 ± 3.3 ‡

MCh = methacholine; SOB = shortness of breath.
†
p=0.012, compared to the Asthma group using ANOVA with Bonferroni correction.
††
p =0.088, compared to the Asthma group using ANOVA with Bonferroni correction.
‡
p=0.049, compared to the Asthma group using ANOVA with Bonferroni correction.
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P-Value
0.317
0.084
0.013
0.051

Responses to mannitol challenge
Spirometry and lung volume responses to mannitol are summarized in Table 8. FEV1 fell 16.8 ±
4.7 %, 13.0 ± 9.0 % and 8.6 ± 9.0% from baseline in individuals with: (i) asthma; (ii) CVA and
(iii) methacholine-induced cough and normal airway sensitivity (ANOVA p=0.119). There were
no significant differences in spirometry or lung volume changes between groups at the maximum
administered dose of mannitol. EELV increased 15.4 ± 11.2 % and 12.9 ± 8.0 % from baseline in
individuals with asthma and individuals with CVA respectively (ANOVA p=0.747). There were
no significant differences between TLC at baseline and the maximum administered dose of
mannitol in any group (Table 8). Mannitol challenge did not induce significant changes in
FEF50%, FEF25-75% or FEF75% measures from baseline in any group (Figure 5). Subjects with
asthma and subjects with CVA developed significant dynamic hyperinflation (increased EELV
and decreased IC) and gas trapping (increased RV) during mannitol challenge (Table 8 and
Figure 6). Subjects with methacholine-induced cough and normal airway sensitivity significantly
increased RV from baseline at the maximum administered dose of mannitol (Figure 6).
All subjects coughed during mannitol challenge (Figure 7). There were no significant
differences in cough frequency responses at baseline or at the maximum administered dose of
mannitol between groups. Representative examples of flow-volume loops from each subject
group who tested positive or negative to mannitol challenges are presented in Figure 8. Flowvolume loops were available for 10 of 12 subjects with AHR to mannitol and 10 of 10 subjects
with normal airway sensitivity to mannitol. Seven of 10 subjects with AHR to mannitol and 5 of
10 subjects with normal airway sensitivity to mannitol (2 of these 5 could not be analysed
because VT was not entirely visible) displayed EFL at the maximum administered dose of
mannitol (proportions displaying EFL using Chi-squared test, p=0.361). The mean overlap of
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Table 8. Spirometry and lung volume responses to mannitol challenge.

(n=8)
-0.47 ± 0.15 §
-16.8 ± 4.7 §
-15.9 ± 5.1 §
-0.57 ± 0.24 §
-15.2 ± 7.2 §§
-1.6 ± 9.1
-0.32 ± 0.96
-6.2 ± 20.2
-0.22 ± 0.72
-5.1 ± 23.6
-0.02 ± 0.36
1.7 ± 24.4

Cough Variant
Asthma
(n=5)
-0.33 ± 0.22 *
-13.0 ± 9.0 *
-12.7 ± 8.6 *
-0.48 ± 0.18 ††
-13.6 ± 3.8 §§
-0.1 ± 10.4
0.03 ± 0.40
0.7 ± 8.9
-0.27 ± 0.25
-9.2 ± 9.4
0.14 ± 0.24
12.4 ± 19.1

MCh Negative
with Cough
(n=9)
-0.25 ± 0.31 *
-8.6 ± 9.0 *
-9.1 ± 10.2 *
-0.28 ± 0.28 *
-8.0 ± 8.8 *
-0.7 ± 10.6
0.31 ± 0.55
6.7 ± 11.9
-0.10 ± 0.78
-2.8 ± 23.7
0.13 ± 0.23
7.4 ± 18.8

0.07 ± 0.10
1.1 ± 1.7
0.48 ± 0.27 †
28.0 ± 15.7 †
0.09 ± 0.06 ††
27.3 ± 17.5 ††
0.36 ± 0.28 ††
11.7 ± 9.0 ††
-0.31 ± 0.25 ††
-11.2 ± 9.8 *
-12.4 ± 10.5 *
0.38 ± 0.29 ††
15.4 ± 11.2 ††

0.03 ± 0.12
0.4 ± 2.3
0.50 ± 0.15 †
26.7 ± 8.0 †
0.08 ± 0.02 §
23.8 ± 7.1 †
0.40 ± 0.24 *
13.2 ± 7.5 *
-0.38 ± 0.19 *
-13.2 ± 3.4 §§
-15.2 ± 5.7 ††
0.41 ± 0.23 *
12.9 ± 8.0 ††

0.01 ± 0.12
-0.1 ± 2.1
0.35 ± 0.21 §§
19.3 ± 11.6 §§
0.06 ± 0.04 §§
18.7 ± 10.9 §§
0.20 ± 0.46
5.8 ± 14.3
-0.19 ± 0.36
-4.9 ± 11.2
-6.8 ± 13.5
0.20 ± 0.46
9.8 ± 20.1

0.605
0.529
0.372
0.342
0.277
0.423
0.534
0.416
0.486
0.243
0.365
0.487
0.747

2.0 ± 1.5 ††
147.1 ± 102.6 ††
6.7 ± 5.0 ††
169.8 ± 132.8 ††

0.9 ± 0.7 *
66.1 ± 47.0 *
5.4 ± 4.2 *
129.7 ± 83.0 *

0.7 ± 0.8 *
52.9 ± 60.2 *
2.5 ± 3.3 **
62.4 ± 83.8 **

0.053
0.050 #
0.137
0.129

Asthma
∆FEV1 (L)
%∆FEV1
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆FEF50% (L/s)
∆FEF50% (%pr)
∆FEF25-75% (L/s)
∆FEF25-75% (%pr)
∆FEF75% (L/s)
∆FEF75% (%pr)
Lung Volumes
∆TLC (L)
∆TLC (%pr)
∆RV (L)
∆RV (%pr)
∆RV/TLC
∆RV/TLC (%pr)
∆FRC (L)
∆FRC (%pr)
∆IC (L)
%∆IC
∆IC (%pr)
∆EELV (L)
%∆EELV
Resistance
∆Raw (cmH20/L/s)
∆Raw (%pr)
∆sRaw (cmH20/L/s)
∆sRaw (%pr)

ANOVA
0.196
0.119
0.196
0.063
0.140
0.967
0.214
0.237
0.892
0.866
0.489
0.666

All values are Mean ± SD. Grey outlines identify non-significant continuum of responses between groups.
Abbreviations as in Appendix E.
§
p<0.001, compared to baseline using paired t-test.
§§

p=0.001, compared to baseline using paired t-test.

†

p=0.002, compared to baseline using paired t-test; ††p<0.01, compared to baseline using paired t-test.

*

p<0.05, compared to baseline using paired t-test; **p=0.05-0.06, compared to baseline using paired t-test.

#

ANOVA with Bonferroni correction between Asthma and MCh Negative with Cough groups p = 0.061.
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Figure 5. Mid-to-late flow responses to mannitol challenge. Error bars represent SD. MCh =
methacholine; FEF50% = forced expiratory flow at 50% of forced vital capacity; FEF25-75% = mean
forced expiratory flow during the middle half of the forced vital capacity; FEF75% = forced
expiratory flow at 75% of the forced vital capacity; NS = not significantly different compared to
baseline using a paired t-test.

Figure 6. Lung volume responses to mannitol challenge. MCh = methacholine; TLC = total lung
capacity; IC = inspiratory capacity; ERV = expiratory reserve volume; RV = residual volume;
*
p<0.05, compared to baseline using paired t-test; †p=0.002, compared to baseline using paired ttest; ††p<0.01, compared to baseline using paired t-test; §§p=0.001, compared to baseline using
paired t-test.
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Figure 7. Cough frequencies recorded at baseline and at the maximum administered dose of
mannitol. Within group comparisons were performed using two-sided Sign tests. Between group
comparisons at baseline and maximum dose were performed using Kruskal-Wallis tests (p= 0.155
and p=0.689 respectively). Lines indicate means of group data.

Figure 8. Flow-volume loops of subjects with asthma, CVA and methacholine-induced cough
and normal airway sensitivity at the maximum administered dose of mannitol. Top row panels
indicate individuals who displayed AHR to mannitol. Bottom row panels indicate individuals
who displayed normal airway sensitivity to mannitol. Subject 15 (bottom row, middle panel) had
an FEV1 decline of 14.8% from baseline at this time.
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maximal expiratory flow impinging on VT was 66.9% for those with AHR to mannitol (n=7) and
54.1% for those with normal airway sensitivity to mannitol (n=3) (p=0.207).
The custom software used to measure Pes malfunctioned while testing one subject with
CVA during the mannitol challenge, leaving Pes measurements available for 21 subjects.
Pressures and breathing patterns measured during mannitol challenge are presented in Table 9.
There were no significant differences in Pes, breathing frequency or tidal volume (VT) between
groups (Table 9). Subjects with CVA significantly increased their VT from baseline (Table 9).
Individuals with methacholine-induced cough and normal airway sensitivity significantly
increased their breathing frequency at the maximum administered dose of mannitol (Table 9).

Table 9. Esophageal pressures and breathing patterns during mannitol challenge.

Asthma (n=8)
Pes (cmH20)
F (Breaths/min)
VT (L)
Cough Variant Asthma (n=5)
Pes (cmH20) (n=4)
F (Breaths/min)
VT (L)
MCh Negative with Cough (n=9)
Pes (cmH20)
F (Breaths/min)
VT (L)

Baseline

Max Dose

P-Value

8.6 ± 3.0
16.6 ± 4.3
0.64 ± 0.14

11.1 ± 5.4
19.5 ± 6.9
0.67 ± 0.26

0.258
0.106
0.742

6.9 ± 2.8
18.4 ± 5.5
0.51 ± 0.20

7.4 ± 4.6
17.8 ± 5.1
0.63 ± 0.23

0.824
0.512
0.021

6.8 ± 3.8
14.3 ± 2.7
0.67 ± 0.17

8.2 ± 4.3
18.4 ± 4.0
0.62 ± 0.17

0.372
0.018
0.448

All values Mean ± SD. MCh = methacholine; Pes = esophageal tidal swings (expressed as absolute); F = breathing
frequency; VT = tidal volume. Bolded values indicate significant differences.
Note: p=0.798, ANOVA for ΔPes (from baseline to max) between groups.
Note: p=0.119, ANOVA for ΔF (from baseline to max) between groups.
Note: p=0.281, ANOVA for ΔVT (from baseline to max) between groups.
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Responses to methacholine challenge
Responses to methacholine challenge at the dose nearest to PC20 are presented in Tables 10 and
11. Figure 9 displays group dose-response curves for individuals with (i) asthma, (ii) CVA and
(iii) methacholine-induced cough and normal airway sensitivity. There were significant
differences in %ΔFEV1 between: (i) subjects with asthma and subjects with methacholineinduced cough and normal airway sensitivity (Tables 10 and 11); and (ii) subjects with CVA and
subjects with methacholine-induced cough and normal airway sensitivity at PC20 or the maximum
administered dose of methacholine (Tables 10 and 11). The decline in FEV1 was significantly
greater in the asthma group compared to the methacholine-induced cough and normal airway
sensitivity group (Tables 10 and 11). Increases in Raw (in cmH20/L/s and %pr) were significantly
greater in the asthma group compared to the methacholine-induced cough and normal airway
sensitivity group (Tables 10 and 11). At the dose nearest to PC20, subjects with asthma and
subjects with methacholine-induced cough and normal airway sensitivity developed dynamic
hyperinflation (Figure 10) and all groups developed small airway obstruction (Figure 11) and gas
trapping (Figure 10). These induced changes did not significantly differ between groups (Table
10).
All subjects coughed during methacholine challenge (Figure 12). Cough frequency
typically increased with administration of more methacholine (Figure 13), though there were no
significant differences between groups at: (i) baseline, (ii) the dose nearest to PC20 or (iii) the
maximum administered dose of methacholine.
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Table 10. Spirometry and lung volume responses to methacholine challenge at the dose nearest to
PC20.

∆FEV1 (L)
%∆FEV1
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆FEF50% (L/s)
∆FEF50% (%pr)
∆FEF25-75% (L/s)
∆FEF25-75% (%pr)
∆FEF75% (L/s)
∆FEF75% (%pr)
Lung Volumes
∆TLC (L)
∆TLC (%pr)
∆RV (L)
∆RV (%pr)
∆RV/TLC
∆RV/TLC (%pr)
∆FRC (L)
∆FRC (%pr)
∆IC (L)
%∆IC
∆IC (%pr)
∆EELV (L)
%∆EELV
Resistance
∆Raw (cmH20/L/s)
∆Raw (%pr)
∆sRaw (cmH20/L/s)
∆sRaw (%pr)

Asthma

CVA

(n=8)
-0.68 ± 0.11 §
-24.7 ± 2.8 §
-23.2 ± 2.7 §
-0.47 ± 0.32 ††
-12.1 ± 8.4 ††
-12.8 ± 8.0 ††
-1.30 ± 0.78 ††
-27.5 ± 17.4 ††
-1.01 ± 0.81 †
-29.2 ± 21.2 ††
-0.42 ± 0.37 *
-23.4 ± 19.7 *

(n=5)
-0.64 ± 0.27 ††
-25.9 ± 8.5 ††
-24.6 ± 10.3 ††
-0.72 ± 0.46 *
-20.8 ± 12.2 *
-7.4 ± 7.4 ‡‡
-0.84 ± 0.35 ††
-19.1 ± 8.0 ††
-0.71 ± 0.22 ††
-25.2 ± 9.8 ††
-0.24 ± 0.09 ††
-18.2 ± 6.6 ††

MCh Negative
With Cough
(n=9)
-0.45 ± 0.12 §
-15.8 ± 5.7 §
-16.8 ± 4.7 §
-0.41 ± 0.24 §§
-10.7 ± 5.2 §
-5.9 ± 6.5 *
-1.16 ± 0.42 §
-25.3 ± 9.6 §
-0.80 ± 0.23 §
-26.5 ± 7.4 §
-0.31 ± 0.18 §§
-20.7 ± 8.6 §

0.03 ± 0.10
0.6 ± 1.9
0.49 ± 0.23 §§
27.8 ± 13.2 §§
0.09 ± 0.04 §
27.5 ± 12.4 §
0.64 ± 0.34 §§
21.6 ± 12.1 §§
-0.60 ± 0.32 §§
-22.8 ± 14.6 ††
-24.2 ± 13.8 ††
0.63 ± 0.36 *
24.9 ± 16.3 ††

0.06 ± 0.10
1.1 ± 1.9
0.59 ± 0.31 *
32.5 ± 19.3 *
0.09 ± 0.05 *
26.8 ± 15.2 *
0.41 ± 0.29 *
14.1 ± 10.3 *
-0.39 ± 0.32 **
-13.8 ± 12.5 ‡
-15.7 ± 12.7 **
0.45 ± 0.32 *
15.5 ± 13.2 **

0.03 ± 0.10
0.5 ± 1.6
0.34 ± 0.32 *
17.8 ± 16.0 †
0.06 ± 0.05 ††
16.4 ± 14.4 ††
0.54 ± 0.56 *
16.7 ± 15.3 *
-0.46 ± 0.53 *
-14.6 ± 15.0 *
-16.5 ± 16.6 *
0.48 ± 0.57 *
17.0 ± 20.5 *

0.861
0.841
0.286
0.224
0.227
0.226
0.667
0.578
0.671
0.429
0.493
0.578
0.563

4.4 ± 3.4 ††
326.5 ± 258.4 ††
16.1 ± 12.5 ††
402.9 ± 328.1 †

2.2 ± 1.4 *
158.4 ± 88.6 *
11.2 ± 7.8 *
271.2 ± 153.2 *

1.2 ± 0.8 ††
93.5 ± 64.2 ††
6.7 ± 3.9 ††
166.5 ± 87.3 ††

0.028
0.030
0.118
0.111

All values are Mean ± SD. MCh = methacholine. Bolded values indicate significant differences.
Abbreviations as in Appendix E.
§
p<0.001, compared to baseline using paired t-test.
§§
p=0.001, compared to baseline using paired t-test.
†
p=0.01, compared to baseline using paired t-test.
††
p<0.01, compared to baseline using paired t-test.
*
p<0.05, compared to baseline using paired t-test.
**
p=0.05-0.06, compared to baseline using paired t-test.
‡
p=0.069, compared to baseline using paired t-test.
‡‡
p=0.089, compared to baseline using paired t-test.
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ANOVA
0.020
0.004
0.039
0.235
0.105
0.158
0.387
0.517
0.566
0.870
0.492
0.790

Table 11. ANOVA results of spirometry and lung volume responses to methacholine challenge at
the dose nearest to PC20.
A-C

A-M

∆FEV1 (L)
%∆FEV1
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆FEF50% (L/s)
∆FEF50% (%pr)
∆FEF25-75% (L/s)
∆FEF25-75% (%pr)
∆FEF75% (L/s)
∆FEF75% (%pr)
Lung Volumes
∆TLC (L)
∆TLC (%pr)
∆RV (L)
∆RV (%pr)
∆RV/TLC
∆RV/TLC (%pr)
∆FRC (L)
∆FRC (%pr)
∆IC (L)
%∆IC
∆IC (%pr)
∆EELV (L)
%∆EELV
Resistance
∆Raw (cmH20/L/s)
∆Raw (%pr)
∆sRaw (cmH20/L/s)
∆sRaw (%pr)

0.024
0.012

C-M
0.014
0.080

ANOVA
0.020
0.004
0.039
0.235
0.105
0.158
0.387
0.517
0.566
0.870
0.492
0.790
0.861
0.841
0.286
0.224
0.227
0.226
0.667
0.578
0.671
0.429
0.493
0.578
0.563

0.027
0.030

0.028
0.030
0.118
0.111

Bonferroni corrected p values located within columns represent the significance between groups.
Blank spaces represent non-significant differences between groups. Bolded values indicate significant
differences. Abbreviations as in Appendix E.
A - C = Asthma group versus CVA group.
A - M = Asthma group versus Methacholine-induced cough and normal airway sensitivity group.
M - C = Methacholine-induced cough and normal airway sensitivity group versus CVA group.
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Figure 9. Methacholine challenge dose-response curves of subject groups on a semi-log scale.
Error bars represent standard error of the mean. The blue line represents the line of best fit for the
asthma group (n=8), the green line represents the line of best fit for the CVA group (n=5) and the
red line represents the line of best fit for the methacholine-induced cough and normal airway
sensitivity group (n=9). Equations for lines of best fit are presented in Appendix J.

Figure 10. Lung volume responses to methacholine challenge at the dose nearest to PC20.
Abbreviations as in Figure 6. *p<0.05, compared to baseline using paired t-test; **p=0.05-0.06,
compared to baseline using paired t-test; †p=0.01, compared to baseline using paired t-test;
††
p<0.01, compared to baseline using paired t-test; §§p=0.001, compared to baseline using paired
t-test.
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Figure 11. Mid-to-late flow responses to methacholine challenge at the dose nearest to PC20.
Error bars represent SD. Abbreviations as in Figure 5. P-values indicate the significance of
variable changes from baseline.

Figure 12. Cough frequencies recorded at baseline and during methacholine challenge. Within
group comparisons were performed using two-sided Sign tests. Between group comparisons at
baseline, dose nearest to PC20 and maximum dose were performed using Kruskal-Wallis tests (p=
0.454, p=0.091 and p=0.144 respectively). Lines indicate means of group data.
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Figure 13. Example of cough frequency per dose of methacholine in a subject with
methacholine-induced cough and normal airway sensitivity. Boxes and arrows indicate the
number of coughs generated at each dose.
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Table 12 displays Pes and breathing patterns recorded at methacholine baseline and the
dose nearest to PC20 in individuals with: (i) asthma; (ii) CVA and (iii) methacholine-induced
cough and normal airway sensitivity. The data acquisition used to measure Pes and breathing
pattern malfunctioned while testing one subject with CVA during the methacholine challenge,
leaving Pes measurements available for 21 subjects. There were no significant differences
between groups in Pes or breathing frequency at this level of methacholine bronchoprovocation
(Table 12). Pes tidal swings significantly increased in both the asthma and CVA groups at the
dose nearest to PC20 (Table 12). Breathing frequency increased from baseline in the
methacholine-induced cough and normal airway sensitivity group (Table 12).

Table 12. Esophageal pressures and breathing patterns during methacholine challenge at the dose
nearest to PC20.
Asthma (n=8)
Pes (cmH20)
F (Breaths/min)
VT (L)
Cough Variant Asthma (n=4)
Pes (cmH20)
F (Breaths/min)
VT (L)
MCh Negative with Cough (n=9)
Pes (cmH20)
F (Breaths/min)
VT (L)

Baseline

Max Dose

P-Value

8.0 ± 2.0
16.3 ± 3.5
0.72 ± 0.16

14.4 ± 7.4
17.4 ± 5.6
0.70 ± 0.31

0.028
0.392
0.777

7.5 ± 2.2
14.1 ± 4.2
0.75 ± 0.44

16.3 ± 4.3
15.1 ± 3.9
0.75 ± 0.18

0.005
0.409
0.996

8.1 ± 4.2
14.8 ± 2.0
0.62 ± 0.10

10.9 ± 7.3
17.2 ± 4.5
0.63 ± 0.20

0.346
0.048
0.985

All values Mean ± SD. MCh = methacholine; Pes = esophageal tidal swings (expressed as absolute); F = breathing
frequency; VT = tidal volume. Bolded values indicate significant differences.
Note: p=0.327, ANOVA for ΔPes (from baseline to max) between groups.
Note: p=0.621, ANOVA for ΔF (from baseline to max) between groups.
Note: p=0.969, ANOVA for ΔVT (from baseline to max) between groups.
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Responses to the maximum administered dose of methacholine
Responses to the maximum administered dose of methacholine identified significant differences
between groups (Tables 13 and 14). The mean maximum administered doses of methacholine
provided were: 15.9 ± 22.1 mg/mL (asthma), 44.8 ± 52.0 mg/mL (CVA) and 160.0 ± 115.1
mg/mL (methacholine-induced cough with normal sensitivity) [ANOVA p=0.004, Bonferroni
corrected p-value = 0.004 for asthma versus methacholine-induced cough and normal airway
sensitivity and p=0.053 for CVA versus methacholine-induced cough and normal airway
sensitivity.
Individuals with methacholine-induced cough and normal airway sensitivity had
significantly less large airway obstruction (%ΔFEV1 and ΔFEV1 (%pr)) compared to individuals
with asthma and individuals with CVA (Tables 13 and 14). Decreases in FVC from baseline
(ΔFVC (L) and ΔFVC (%pr)) were also significantly less severe in subjects with methacholineinduced cough and normal airway sensitivity compared to: (i) subjects with asthma and (ii)
subjects with CVA (Tables 13 and 14). Compared to subjects with methacholine-induced cough
and normal airway sensitivity, subjects with asthma had significantly greater declines in FEV1 (L)
from baseline and subjects with CVA demonstrated declines in FEV1 (L) which neared
significance (Table 14).
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Table 13. Spirometry and lung volume responses to methacholine challenge at the maximum
administered dose of methacholine.
(n=8)
-1.01 ± 0.46 §
-35.2 ± 10.7 §
-33.6 ± 12.1 §
-0.93 ± 0.37 §
-23.9 ± 8.8 §
-14.2 ± 10.3 ††
-1.65 ± 1.15 ††
-35.1 ± 26.1 ††
-1.24 ± 1.08 *
-35.5 ± 27.7 ††
-0.47 ± 0.48 *
-26.0 ± 25.4 *

Cough Variant
Asthma
(n=5)
-0.90 ± 0.32 ††
-37.9 ± 14.8 ††
-35.6 ± 15.6 ††
-1.03 ± 0.46 ††
-30.1 ± 13.9 ††
-11.9 ± 8.8 *
-1.07 ± 0.48 ††
-24.2 ± 10.9 ††
-0.90 ± 0.40 ††
-32.4 ± 16.8 *
-0.32 ± 0.11 ††
-24.9 ± 11.1 ††

MCh Negative
with Cough
(n=9)
-0.47 ± 0.17 §
-16.6 ± 8.6 §
-17.5 ± 7.6 §
-0.42 ± 0.24 §§
-11.4 ± 5.6 §
-6.2 ± 8.4 **
-1.14 ± 0.70 §§
-25.0 ± 15.9 §§
-0.80 ± 0.36 §
-26.7 ± 13.3 §
-0.30 ± 0.21 ††
-20.0 ± 12.9 ††

0.03 ± 0.12
0.6 ± 2.2
0.94 ± 0.43 §
59.1 ± 34.9 ††
0.17 ± 0.08 §§
57.9 ± 32.9 ††
0.89 ± 0.38 §
30.5 ± 14.4 §§
-0.84 ± 0.37 §
-30.7 ± 12.0 §
-33.6 ± 13.5 §
0.87 ± 0.41 §§
33.6 ± 18.9 ††

0.04 ± 0.09
0.7 ± 1.6
0.72 ± 0.35 †
38.8 ± 21.4 *
0.11 ± 0.04 ††
32.6 ± 12.2 ††
0.57 ± 0.25 ††
19.1 ± 7.4 ††
-0.57 ± 0.30 *
-21.9 ± 13.8 *
-23.1 ± 12.1 *
0.61 ± 0.28 ††
18.9 ± 10.2 *

0.02 ± 0.10
0.4 ± 1.7
0.35 ± 0.28 ††
18.2 ± 13.5 ††
0.06 ± 0.04 ††
17.1 ± 12.6 ††
0.46 ± 0.55 *
14.3 ± 14.4 *
-0.43 ± 0.50 *
-13.4 ± 11.7 ††
-15.6 ± 14.2 *
0.46 ± 0.55 *
16.4 ± 20.1 *

0.962
0.966
0.010
0.011
0.003
0.005
0.148
0.060
0.276
0.031
0.041
0.147
0.563

6.1 ± 6.3 *
451.4 ± 454.7 *
25.0 ± 23.6 *
631.4 ± 620.1 *

3.7 ± 2.4 *
269.7 ± 156.4 *
18.2 ± 10.8 *
443.2 ± 213.5 †

1.5 ± 0.7
11.1 ± 59.4
6.9 ± 4.5
171.5 ± 106.6

0.087
0.081
0.075
0.079

Asthma
∆FEV1 (L)
%∆FEV1
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆FEF50% (L/s)
∆FEF50% (%pr)
∆FEF25-75% (L/s)
∆FEF25-75% (%pr)
∆FEF75% (L/s)
∆FEF75% (%pr)
Lung Volumes
∆TLC (L)
∆TLC (%pr)
∆RV (L)
∆RV (%pr)
∆RV/TLC
∆RV/TLC (%pr)
∆FRC (L)
∆FRC (%pr)
∆IC (L)
%∆IC
∆IC (%pr)
∆EELV (L)
%∆EELV
Resistance
∆Raw (cmH20/L/s)
∆Raw (%pr)
∆sRaw (cmH20/L/s)
∆sRaw (%pr)

ANOVA
0.009
0.002
0.010
0.006
0.003
0.217
0.395
0.501
0.460
0.675
0.563
0.778

All values are Mean ± SD. Grey outlines identify non-significant continuum of responses between groups.
Bolded values indicate significant differences. Abbreviations as in Appendix E.
§
p<0.001, compared to baseline using paired t-test.
§§
p=0.001, compared to baseline using paired t-test.
†
p=0.01, compared to baseline using paired t-test.
††
p<0.01, compared to baseline using paired t-test.
*
p<0.05, compared to baseline using paired t-test.
**
p=0.05-0.06, compared to baseline using paired t-test.
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Table 14. ANOVA results of spirometry and lung volume responses to methacholine challenge at
the maximum administered dose of methacholine.
A-C
∆FEV1 (L)
%∆FEV1
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆FEF50% (L/s)
∆FEF50% (%pr)
∆FEF25-75% (L/s)
∆FEF25-75% (%pr)
∆FEF75% (L/s)
∆FEF75% (%pr)
Lung Volumes
∆TLC (L)
∆TLC (%pr)
∆RV (L)
∆RV (%pr)
∆RV/TLC
∆RV/TLC (%pr)
∆FRC (L)
∆FRC (%pr)
∆IC (L)
%∆IC
∆IC (%pr)
∆EELV (L)
%∆EELV
Resistance
∆Raw (cmH20/L/s)
∆Raw (%pr)
∆sRaw (cmH20/L/s)
∆sRaw (%pr)

A-M

C-M

ANOVA

0.010
0.007
0.027
0.021
0.033

0.092
0.007
0.031
0.017
0.005

0.009
0.002
0.010
0.006
0.003
0.217
0.395
0.501
0.460
0.675
0.563
0.778

0.009
0.010
0.003
0.004

0.027
0.038

0.962
0.966
0.010
0.011
0.003
0.005
0.148
0.060
0.276
0.031
0.041
0.147
0.563
0.087
0.081
0.075
0.079

Bonferroni corrected p values located within columns represent the significance between groups. Bolded
values indicate significant differences. Abbreviations as in Appendix E.
Blank spaces represent non-significant differences between groups.
A - C = Asthma group versus CVA group.
A - M = Asthma group versus Methacholine-induced cough and normal airway sensitivity group.
M - C = Methacholine-induced cough and normal airway sensitivity group versus CVA group.
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At the maximum administered dose of methacholine, there were no significant
differences in methacholine-induced small airway obstruction between groups (Table 13 and
Figure 14). All subjects developed dynamic hyperinflation (decreased IC) and gas trapping
(increased RV) from baseline (Table 13 and Figure 15). Gas trapping and dynamic hyperinflation
were significantly greater in subjects with asthma compared to subjects with methacholineinduced cough and normal airway sensitivity at the maximum dose of methacholine (Table 14
and Figure 15).
Table 15 displays Pes and breathing patterns recorded at methacholine baseline and at the
maximum administered dose of methacholine in individuals with asthma, CVA and
methacholine-induced cough and normal airway sensitivity. There were no significant differences
in changes of Pes, breathing frequency or VT between groups at the maximum dose of
methacholine provided (Table 15). Breathing frequency and VT significantly increased in the
asthma group from baseline to the maximum administered dose of methacholine (Table 15). Pes
tidal swings significantly increased in the CVA group at the maximum administered dose of
methacholine (Table 15).
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Figure 14. Mid-to-late flow responses to methacholine challenge at the maximum administered
dose of methacholine. Error bars represent SD. Abbreviations as in Figure 5. P-values indicate the
significance of variable changes from baseline.

Figure 15. Lung volume responses to methacholine challenge at the maximum administered dose
of methacholine. Abbreviations as in Figure 6. *p<0.05, compared to baseline using paired t-test;
††
p<0.01, compared to baseline using paired t-test; §p<0.001, compared to baseline using paired ttest.
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Table 15. Esophageal pressures and breathing patterns during methacholine challenge at the
maximum administered dose of methacholine.
Asthma (n=8)
Pes (cmH20)
F (Breaths/min)
VT (L)
Cough Variant Asthma (n=4)
Pes (cmH20)
F (Breaths/min)
VT (L)
MCh Negative with Cough (n=9)
Pes (cmH20)
F (Breaths/min)
VT (L)

Baseline

Max Dose

P-Value

8.0 ± 2.0
16.3 ± 3.5
0.72 ± 0.16

14.8 ± 9.5
18.3 ± 4.7
0.66 ± 0.19

0.051
0.009
0.012

7.5 ± 2.2
14.1 ± 4.2
0.75 ± 0.44

15.8 ± 4.0
15.7 ± 5.2
0.68 ± 0.26

0.006
0.138
0.699

8.1 ± 4.2
14.8 ± 2.0
0.62 ± 0.10

11.3 ± 7.3
16.9 ± 4.7
0.63 ± 0.16

0.283
0.090
0.860

All values Mean ± SD. MCh = methacholine; Pes = esophageal tidal swings (expressed as absolute); F = breathing
frequency; VT = tidal volume. Bolded values indicate significant differences.
Note: p=0.453, ANOVA for ΔPes between groups.
Note: p=0.939, ANOVA for ΔF between groups.
Note: p=0.593, ANOVA for ΔVT between groups.
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Mannitol and methacholine challenge comparisons
Not all subjects displayed FEV1 declines of ≥ 15% and ≥ 20% from baseline during mannitol
and methacholine, respectively (Table 2 and Figure 4), precluding a true comparison of responses
at PD15 (mannitol) and PC20 (methacholine) in all groups. Responses recorded during: (i)
mannitol challenge at the dose nearest to PD15 (Table 8) and (ii) high-dose methacholine
challenge at the dose nearest to PC20 (Table 10) were compared.
Percent falls in FEV1 were significantly different between mannitol and methacholine
challenges in subjects with asthma and subjects with methacholine-induced cough and normal
airway sensitivity (Figure 16). Mid-to-late flows declined significantly more during methacholine
challenge compared to mannitol challenge in all groups (Figure 17). Gas trapping (increased RV
in L and %pr) did not differ significantly between mannitol and methacholine challenges in any
group (data not presented). Subjects with asthma had significantly greater dynamic hyperinflation
during methacholine than mannitol challenge (ΔIC = -22.8 ± 14.6 % versus -11.2 ± 9.8 %,
p=0.038; ΔIC =-0.60 ± 0.32 L versus -0.31 ± 0.25, p=0.038 and ΔIC = -24.2 ± 13.8 %pr versus 12.4 ± 10.5 %pr, p=0.029 respectively) while there were no significant differences between
mannitol- and methacholine-induced dynamic hyperinflation in subjects with CVA or subjects
with methacholine-induced cough and normal airway sensitivity. Increases in sRaw from baseline
were significantly greater during methacholine challenge compared to mannitol challenge in all
groups (data not presented).
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Figure 16. FEV1 responses (i) during mannitol challenge (white open bars) at the dose nearest to
PD15 and (ii) methacholine challenge (black filled bars) at the dose nearest to PC20. Error bars
represent SD. MCh = methacholine. P-values indicate the significance of comparisons between
challenges. *p<0.05, compared to baseline; **p<0.01, compared to baseline; †p<0.001, compared
to baseline.

Figure 17. Mid-to-late flow responses (i) during mannitol challenge (white open bars) at the dose
nearest to PD15 and (ii) methacholine challenge (black filled bars) at the dose nearest to PC20.
Error bars represent SD. MCh = methacholine. P-values indicate the significance of comparisons
between challenges. *p<0.05, compared to baseline; **p<0.01, compared to baseline; †p<0.001,
compared to baseline. Abbreviations as in Figure 5.
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Responses to mannitol and high-dose methacholine challenges were well matched at the
highest equivalent level of bronchoconstriction (measured as %∆FEV1 from baseline) in 21
subjects (Figure 18). One subject with CVA was excluded because his/her mannitol and
methacholine %∆FEV1 (from baseline) measures were not within ± 5% of each other. Insufficient
measurements (n=4 available) precluded analyses of lung volumes at the highest equivalent level
of bronchoconstriction (lung volumes were not measured at each dose during both challenges).
Spirometry responses at the highest equivalent levels of bronchoconstriction during mannitol and
methacholine challenges are presented in Tables 16 - 18 for subjects with asthma, CVA and
methacholine-induced cough and normal airway sensitivity respectively.
Methacholine challenge induced significant small airway obstruction in all groups
(Figure 19) while mannitol challenge did not affect mid-to-late flows. Subjects with asthma
significantly decreased their FEV1/FVC (%pr) from approximately 95 at baseline to
approximately 87 during methacholine challenge (p=0.019). Individuals with asthma developed
significant dynamic hyperinflation during both mannitol and methacholine challenges at the
highest equivalent level of bronchoconstriction (Table 16). Subjects with CVA demonstrated
borderline significant dynamic hyperinflation during mannitol challenge only (Table 17) and
subjects with methacholine-induced cough and normal airway sensitivity demonstrated
significant dynamic hyperinflation from baseline during methacholine challenge (Table 18).
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Figure 18. FEV1 responses during mannitol (white open bars) and methacholine (black filled
bars) challenges at the highest equivalent level of bronchoconstriction (measured as %∆FEV1
from baseline). MCh = methacholine. P-values indicate the significance of comparisons between
challenges. *p<0.05, compared to baseline; **p<0.01, compared to baseline; †p<0.001, compared
to baseline.
Table 16. Responses to mannitol and methacholine challenges at the highest equivalent level of
bronchoconstriction in subjects with asthma.

∆FEV1 (L)
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆PEF (L/s)
∆PEF (%pr)
∆FEF50% (L/s)
∆FEF25-75% (L/s)
∆FEF75% (L/s)
∆EELVdyn (L)
%∆EELVdyn

Mannitol
(n=8)
-0.43 ± 0.18 §
-14.4 ± 6.0 §
-0.52 ± 0.18 §
-13.7 ± 5.0 §
-1.7 ±8.6
-1.39 ± 0.50 §
-20.5 ± 8.7 §
-0.39 ± 0.85
-0.26 ± 0.62
-0.06 ± 0.31
0.40 ± 0.21 §§
15.7 ± 8.0 §§

Methacholine
(n=8)
-0.40 ± 0.21 §§
-13.4 ± 6.5 §§
-0.23 ± 0.28 †
-5.6 ± 6.4 *
-8.4 ± 7.9 *
-1.47 ± 0.65 §
-20.9 ± 8.4 §
-0.92 ± 0.68 **
-0.67 ± 0.68 *
-0.28 ± 0.36 ††
0.37 ± 0.21 §§
14.1 ± 7.8 §§

All values are Mean ± SD. Bolded values indicate significant differences.
§
p<0.001, compared to baseline using paired t-test.
§§
p=0.001, compared to baseline using paired t-test.
†
p=0.059, compared to baseline using paired t-test.
††
p=0.063, compared to baseline using paired t-test.
‡
p=0.056, compared to baseline using paired t-test.
*
p<0.05, compared to baseline using paired t-test.
**
p<0.01, compared to baseline using paired t-test.
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P-Value
0.296
0.285
0.017
0.015
0.011
0.668
0.857
0.027
0.046
0.019
0.513
0.505

Table 17. Responses to mannitol and methacholine challenges at the highest equivalent level of
bronchoconstriction in subjects with cough variant asthma.

∆FEV1 (L)
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆PEF (L/s)
∆PEF (%pr)
∆FEF50% (L/s)
∆FEF25-75% (L/s)
∆FEF75% (L/s)
∆EELVdyn (L)
%∆EELVdyn

Mannitol
(n=4)
-0.37 ± 0.17 *
-13.8 ± 6.9 *
-0.46 ± 0.22 *
-12.6 ± 4.4 *
-3.1 ± 7.9
-1.34 ± 0.96 †
-20.8 ± 14.8 †
0.00 ± 0.39
-0.22 ± 0.33
0.13 ± 0.26
0.45 ± 0.28 §§
14.3 ± 10.6 #

All values are Mean ± SD.
*
p<0.05, compared to baseline using paired t-test.
**
p<0.01, compared to baseline using paired t-test.
†
p=0.068, compared to baseline using paired t-test.
††
p=0.088, compared to baseline using paired t-test.
‡
p=0.097, compared to baseline using paired t-test.
‡‡
p=0.099, compared to baseline using paired t-test.
§
p=0.076, compared to baseline using paired t-test.
§§
p=0.051, compared to baseline using paired t-test.
#
p=0.074, change from baseline.
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Methacholine
(n=4)
-0.35 ± 0.21 *
-12.8 ± 6.7 *
-0.39 ± 0.31 ††
-10.8 ± 9.1 ‡‡
-3.3 ± 5.6
-1.17 ± 0.98 ‡
-16.9 ± 12.7 §
-0.39 ± 0.19 *
-0.41 ± 0.12 **
-0.16 ± 0.08 *
0.31 ± 0.42
11.3 ± 15.1

P-Value
0.832
0.689
0.618
0.699
0.984
0.761
0.619
0.176
0.262
0.067
0.568
0.720

Table 18. Responses to mannitol and methacholine challenges at the highest equivalent level of
bronchoconstriction in subjects with methacholine-induced cough and normal airway sensitivity.

∆FEV1 (L)
∆FEV1 (%pr)
∆FVC (L)
∆FVC (%pr)
∆FEV1/FVC (%pr)
∆PEF (L/s)
∆PEF (%pr)
∆FEF50% (L/s)
∆FEF25-75% (L/s)
∆FEF75% (L/s)
∆EELVdyn (L)
%∆EELVdyn

Mannitol
(n=9)
-0.21 ± 0.19 *
-7.8 ± 6.9 **
-0.29 ± 0.35 *
-7.8 ± 9.4 *
0.6 ± 8.1
-1.27 ± 1.07 §
-18.7 ± 15.7 §
0.19 ± 0.55
0.01 ± 0.52
0.10 ± 0.25
0.20 ± 0.35
9.6 ± 15.6

Methacholine
(n=9)
-0.23 ± 0.16 §
-8.6 ± 6.0 §
-0.23 ± 0.31 †
-5.9 ± 6.2 *
-2.6 ± 5.5
-0.95 ± 0.91 *
-14.3 ± 13.7 *
-0.42 ± 0.49 *
-0.28 ± 0.29 *
-0.06 ± 0.23
0.30 ± 0.38 *
11.7 ± 14.3 *

P-Value
0.418
0.377
0.400
0.425
0.258
0.476
0.455
0.034
0.049
0.035
0.179
0.460

All values are Mean ± SD. Bolded values indicate significant differences.
*
p<0.05, compared to baseline using paired t-test.
**
p=0.01, compared to baseline using paired t-test.
§
p<0.01, compared to baseline using paired t-test.
†
p=0.063, compared to baseline using paired t-test.

Figure 19. Mid-to-late flow responses during mannitol (white open bars) and methacholine
(black filled bars) challenges at the highest equivalent level of bronchoconstriction (measured as
%∆FEV1 from baseline). Error bars represent SD. MCh = methacholine. P-values indicate the
significance of comparisons between challenges. *p<0.05, compared to baseline; **p<0.01,
compared to baseline. Abbreviations as in Figure 5.
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Chapter 4: Discussion
To our knowledge, this is the first study to investigate mechanical responses to mannitol
challenge testing in individuals with: (i) asthma; (ii) CVA and (iii) methacholine-induced cough
and normal airway sensitivity and to compare those responses with responses to high-dose
methacholine challenge testing. Mechanical responses to high-dose methacholine
bronchoprovocation alone (i.e. not mannitol bronchoprovocation) identified significantly different
responses between subjects with methacholine-induced cough and normal airway sensitivity
compared to the asthma and CVA groups. Mechanical responses to mannitol and high-dose
methacholine challenges reflected a non-significant continuum of response severity among
subject groups (FEV1 (%pr) and RV (%pr) responses during mannitol challenge and IC (%pr) and
RV (%pr) responses during high-dose methacholine challenges reflected a non-significant
continuum amongst groups). In subjects demonstrating AHR to mannitol, 3 individuals with
CVA and 3 individuals with methacholine-induced cough and normal airway sensitivity were
significantly less sensitive (they had significantly greater PD15s) to mannitol bronchoprovocation
compared to 6 subjects with asthma. Mannitol bronchoprovocation caused (a) cough, dynamic
hyperinflation and gas trapping in subjects with asthma and subjects with CVA and (b) cough and
gas trapping in subjects with methacholine-induced cough and normal airway sensitivity. At the
highest equivalent level of bronchoconstriction for mannitol and high-dose methacholine
challenges, methacholine induced significant declines in mid-to-late flows in all subject groups
while mannitol did not.
Based on changes in FVC from baseline during methacholine PC20 (Yoo et al., 2007) and
maximal airway response plateaus (Kang et al., 2005), subjects with CVA are less reactive to
methacholine than subjects with asthma. Although we did not identify significant differences in
71

ΔFVC (in L or %pr) between subjects with asthma compared to subjects with CVA during
methacholine challenge, both groups demonstrated significantly greater declines in FVC
compared to subjects with methacholine-induced cough and normal airway sensitivity at the
maximum administered doses of methacholine. As TLC does not change during
bronchoprovocation challenges, reductions in FVC from baseline are the result of increased RV
due to airway closure and subsequent gas trapping (Wheatley et al., 1989). Based on the increase
in RV from baseline, individuals with asthma had significantly more gas trapping than subjects
with methacholine-induced cough and normal airway sensitivity. Pellegrino et al. (1994) reported
that in asthma, gas trapping (increased RV) occurs simultaneously with declines in FEV1 during
bronchoprovocation challenges. They also demonstrated that healthy individuals have a
significantly greater ability than subjects with asthma to partially reverse increases in RV during
methacholine bronchoprovocation (measured using partial flow-volume loops) by performing
deep inspirations during maximal flow-volume loop efforts. Pellegrino and colleagues (1994)
suggested that the preserved ability to limit methacholine-induced increases in RV may be due to
the retained bronchodilating effect of deep inspirations in healthy subjects. In our study, five of
nine subjects with methacholine-induced cough and normal airway sensitivity displayed maximal
airway response plateaus during methacholine challenges, suggesting the beneficial effects of
deep inspirations are also be preserved in these subjects.
Approximately the same proportion of subjects with asthma (3 of 8) and subjects with
CVA (2 of 5) had maximal airway response plateaus during methacholine challenge. Kang and
colleagues (2005) calculated that at least 79 subjects per group would be required to detect a
significant difference in the frequency of maximal airway response plateaus between groups in a
pediatric population. Thus, it is not surprising that we were unable to demonstrate significant
differences between our groups due to the sample size. Although more research is needed to
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address the proportions of these groups who have maximal airway response plateaus during
methacholine challenge, we predict that significant differences between groups would exist, with
the asthma group demonstrating the lowest proportion of subjects with response plateaus
followed by an intermediate proportion of response plateaus within the CVA group and the
greatest frequency of response plateaus within the methacholine-induced cough and normal
airway sensitivity group.
We were surprised to note that although gas trapping and dynamic hyperinflation were
significantly greater in subjects with asthma compared to subjects with methacholine-induced
cough and normal airway sensitivity at the maximum administered dose of methacholine, there
were no significant differences in small airway obstruction between groups. Since the study was
not powered to detect significant differences in small airway obstruction between groups, it is
possible that actual differences in methacholine-induced small airway obstruction were
undetected between these groups.
At the maximum administered dose of methacholine, individuals with methacholineinduced cough and normal airway sensitivity had FEV1 and FVC declines of approximately 17 %
and 11 %pr from baseline respectively. Gibbons and colleagues (1996) reported similar declines
in FEV1 (18.1 %) and FVC (6.2 %) at maximum response during high dose-methacholine
challenges in 16 healthy subjects who did not have excessive FVC declines from baseline.
Healthy individuals possess the bronchoprotective effect of a deep inspiration (Malmberg et al.,
1993), which limits methacholine-induced reduction of FEV1 from baseline. Similar responses in
FEV1 and FVC in subjects with methacholine-induced cough and normal airway sensitivity and
those of healthy subjects suggest the two groups may rely on similar protective mechanisms
during bronchoprovocation.
73

During methacholine challenge, subjects with methacholine-induced cough and normal
airway sensitivity coughed significantly more at the dose nearest to PC20 than at baseline. Unlike
Matsumoto et al. (2009), who compared cough responses after respiratory resistance began to
increase during methacholine challenge, we did not identify significantly different cough
response frequencies between subjects with CVA and subjects with asthma. Our comparisons of
cough frequencies at distinct time points may have limited our ability to detect differences
between groups as deep inspirations and sighs occurring throughout testing may have altered our
subject’s pulmonary systems and decreased cough-producing stimuli. Ohkura et al. (2010) have
shown that individuals with moderate to severe asthma, compared to healthy subjects, have a
blunted methacholine-induced cough response. The same group had previously reported that
methacholine-induced cough is associated with the bronchodilating effect of a deep inspiration in
healthy subjects without asthma (Ohkura et al., 2009). These findings support the hypothesis of
Lougheed et al. (Lougheed & Fisher, 2007; 2009) that individuals with methacholine-induced
cough and normal airway sensitivity retain the bronchoprotective effect of a deep inspiration.
Throughout testing, deep inspirations occurred often during cough epochs in subjects
with methacholine-induced cough and normal airway sensitivity. One subject with methacholineinduced cough and normal airway sensitivity began to react to doses between 0.125 and 0.5
mg/mL of methacholine, after which cough frequency increased during each subsequent dose of
methacholine (see Figure 13). This subject developed a maximal airway response plateau during
testing and did not display AHR to methacholine. We speculate that the normal deep inspirations
of this subject during cough epochs (which were not recorded) induced bronchoprotective and
bronchodilating effects that led to a failure to develop AHR in response to methacholine. Had
deep inspirations been prevented during the challenge, this subject may not have developed a
plateau during testing and could have displayed AHR to methacholine.
74

To our knowledge, this is the first study to report that some individuals with CVA and
some individuals with methacholine-induced cough and normal airway sensitivity display AHR
to mannitol. Since AHR to mannitol is associated with the presence of eosinophils in sputum
(Porsbjerg et al., 2008), one would expect most individuals with eosinophilic airway
inflammation to display AHR to mannitol. The FENO sensor became dysfunctional after testing
six subjects, which limited our ability to non-invasively assess airway inflammation. We
speculate that our subjects with CVA and subjects with methacholine-induced cough and normal
airway sensitivity who displayed AHR to mannitol likely had eosinophilic airway inflammation
during testing. Unfortunately, we did not obtain quantifiable sputum samples from each of these
subjects (except one with methacholine-induced cough and normal airway sensitivity who had
1% sputum eosinophils) and this could not be confirmed. Sputum induction was added to the
study protocol after testing had already occurred in seven subjects (four with CVA and three with
methacholine-induced cough and normal airway sensitivity), which hinders comparison of
sputum between groups. The lab technician who induced sputum from these subjects was trained
in the Hargreave method (Pizzichini et al., 1996a; Pizzichini et al., 1996b; Pizzichini et al.,
1996c). However, not all samples could be analysed due to insufficient volume or squamous cell
contamination. We were able to analyse sputum samples from four subjects with asthma, which
contained abnormally elevated percentages of sputum eosinophils (Table 4). Allen et al. (2005)
have recently reported that in subjects with mild to moderate asthma (PC20 ranging between 0.20
and 8.0 mg/mL) but not taking inhaled corticosteroids, those with more airway inflammation
have greater impairment of deep inspiration-induced bronchoprotection during methacholine
challenge. The majority of our subjects with asthma demonstrated AHR to both methacholine and
mannitol, a likely result of concurrent airway inflammation.

75

Of the few subjects who displayed AHR to mannitol, subjects with asthma were
significantly more sensitive to mannitol (significantly smaller PD15s) than subjects with CVA and
subjects with methacholine-induced cough and normal airway sensitivity. Similarly, the
methacholine PC20 of subjects with asthma was less than in subjects with methacholine-induced
cough and normal airway sensitivity (of which only two were measurable). Although these
comparisons are based upon small sample sizes, these trends in sensitivity to mannitol and
methacholine suggest individuals with asthma are more sensitive to both indirect and direct
bronchoconstrictive stimuli than subjects CVA and subjects with methacholine-induced cough
and normal airway sensitivity.
Mannitol bronchoprovocation caused cough, dynamic hyperinflation and gas trapping in
subjects with asthma and subjects with CVA in the absence of significant small airway
obstruction (reductions in FEF50%, FEF25-75% and FEF75% from baseline). Analysis of subjects’
flow-volume loops during mannitol challenges at the maximum administered dose provided
insight into this phenomenon. Seventy % of individuals who displayed AHR to mannitol
developed EFL at the maximum administered dose of mannitol, while 50% of subjects who
tested negative to mannitol challenge (no decline ≥15% after receiving 635 mg of mannitol)
developed EFL. There was no significant difference in the amount of EFL between these two
groups. EFL was deemed to be present if the maximal expiratory flow of their flow-volume loop
impinged upon their tidal expiratory flow. Similar to the findings of Pellegrino et al. (1994) who
examined EFL in healthy individuals and subjects with asthma using methacholine challenge, our
subjects with asthma and subjects with CVA who demonstrated AHR to mannitol developed EFL
during bronchoprovocation and significantly increased both EELV and RV from baseline. It was
surprising that individuals with methacholine-induced cough and normal airway sensitivity also
developed significant gas trapping, though the majority of these subjects did not display AHR to
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mannitol (6 of 9) and lacked EFL during the challenge. Analysis of these subjects’ breathing
patterns indicated that breathing frequency significantly increased from baseline, which likely
explains the observed small, but statistically significant, increase in RV.
One unexpected finding during this study was that at the highest equivalent level of
bronchoconstriction induced by mannitol and methacholine (measured as % fall in FEV1 from
baseline) mannitol did not induce significant small airway obstruction in any subject group while
methacholine challenge did. Following analysis of subjects’ mannitol flow-volume loops at the
maximum administered dose of mannitol, we observed EFL in most flow-volume loops of
subjects who displayed AHR to mannitol (7 of 10). Some individuals who did not display AHR to
mannitol as conventionally defined (such as subject 15 in Figure 8) but encroached on the
required 15% decline in FEV1 from placebo displayed EFL at maximum response (5 of 10). Flow
limitation can cause expiration to prematurely terminate, forcing the pulmonary system to
accommodate and dynamically hyperinflate causing FRC to increase from baseline (Pellegrino &
Brusasco, 1997). As this occurs, expiratory flows can increase within a hyperinflated system and
remain relatively unchanged from baseline.

We did not identify significant differences in cough frequency during mannitol challenge
at the maximum administered dose between individuals with: (i) asthma; (ii) CVA and (iii)
methacholine-induced cough and normal airway sensitivity. Koskela et al.(2004) observed 18
individuals with asthma who displayed significantly more coughs during mannitol challenge than
10 healthy subjects when the FEV1 change from baseline was < 15% in both groups (53 coughs
[95% confidence interval (CI), 34 to 72] versus 12 coughs [95% CI, 4 to 21], respectively;
p=0.003). They proposed that cough to this indirect stimulus may be a result of a
77

pathophysiologic response associated with asthma. If this is so, we may not have been able to
identify significant differences in cough frequency between our subject groups because they may
have similar cough responses to such indirect stimuli as mannitol.
Presumably, the stimulus for methacholine-induced cough is bronchoconstrictionmediated activation of RARs, which is consistent with results from animal-based studies
(Widdicombe, 1954b). Lougheed and Fisher (2007) previously reported that, in humans, cough
during methacholine bronchoprovocation was preceded by increased AutoPEEP and small airway
obstruction, which partially resolved after deep inspirations and coughing. They subsequently
reported that in subjects with methacholine-induced cough and normal airway sensitivity,
pulmonary responses to methacholine bronchoprovocation include small airway obstruction,
dynamic hyperinflation and gas trapping (Lougheed et al., 2009) which also appear in subjects
with classic asthma. The mechanical perturbations that bronchoprovocation challenges create in
the pulmonary system are complex. Vagal afferents with receptors located throughout the
pulmonary system likely interact in the nucleus tractus solitarius (Canning, 2002; Mazzone et al.,
2003) to mediate and control cough (Canning, 2010). RARs likely mediate methacholine-induced
cough through mechanical stimulation (bronchoconstriction). It is possible that during
bronchoprovocation with methacholine, pulmonary pressures increase as a result of gas trapping
and small airway obstruction and may be the stimulus for cough by influencing SARs and/or
TRPV-1 channels to interact with RAR activity already affected by concurrent
bronchoconstriction. This complex combination of stimuli may lead to cough in individuals who
retain the bronchoprotective effect of a deep inspiration, such as healthy individuals and
individuals with methacholine-induced cough and normal airway sensitivity, who then improve
their lung function after a deep inspiration and cough. Using sulphur dioxide to attenuate SARs in
anaesthetized rabbits whose Hering-Breuer reflex had been diminished or suppressed, Hanacek
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and colleagues (1984) demonstrated that the cough reflex (and expiratory efforts) to mechanical
stimulation of the tracheobronchial tree was less than in controls. This finding suggests that
SARs, which are implicated in the Hering-Breuer reflex and are sensitive to pressure changes,
may facilitate or contribute to cough production. This is likely an oversimplification of neural
afferent interactions, and results obtained from animal models may not necessarily apply to
humans (the Hering-Breuer reflex has not been demonstrated in wakeful humans during resting
ventilation) (Banzett et al., 1999). At this time, the influence of SAR activity on cough
production remains poorly defined (Canning et al., 2006).
It is interesting to consider why subjects with asthma display an impaired cough response
to methacholine challenge. Grainge et al. (2011) have recently shown in subjects with asthma that
repeated bronchoconstriction, even in the absence of inflammation, can result in significant
airway remodelling as measured using sub-epithelial collagen-band thickness. They suggested
that bronchoconstriction-mediated epithelial cell activation leads to activation of signalling
pathways that stimulate myofibroblast transformation and collagen synthesis. It is not known
whether structural airway remodelling (which occurs in subjects with asthma) is related to lack of
the bronchoprotective effect of a deep inspiration and/or blunting of cough responses to
methacholine-induced bronchoconstriction.
Investigations should be performed to determine the role of the small airways in both the
bronchoprotective/bronchodilating effects of deep inspirations and cough responses to
methacholine challenge. One promising technique which may provide insight into these
relationships is oscillometry, which permits analysis of the pulmonary system without the need
for deep inspirations (King, 2011). The relationship between different vagal afferent interactions,
their various stimuli and cough production should also be examined in humans. Fujimura et al.
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(Fujimura et al., 1992a; 1993) have previously examined the interactions between
pharmacologically-induced bronchoconstriction and bronchodilation on cough sensitivity to
capsaicin in healthy subjects and found no interaction between stimuli. Similar studies of
individuals with chronic cough or inflammatory airway conditions may be informative.

Limitations
Several uncontrolled or spontaneously occurring variables may have influenced our study results.
Coughs were manually recorded during both challenges and some coughs may have been missed
during epochs that contained numerous coughs. Throughout the trials subjects often took deep
inspirations during coughing epochs, which may have affected airway tone between spirometry,
lung volume and Pes-derived measurements. Differences in breathing pattern between the two
challenges may have also induced bronchoprotective and bronchodilating effects of deep
inspirations in our subjects during the mannitol challenge, as the mannitol challenge required
deep inspirations to administer doses while the high-dose methacholine challenge used tidal
breathing. Sighs, swallows or coughs during testing may have affected Pes measurements we
recorded causing over estimation of true Pes and may have been excluded from the software
program we used. The use of lidocaine jelly to ease placement of esophageal balloons may have
locally desensitized nasal and upper airway receptors capable of contributing to cough and thus,
influenced cough frequency during challenges (however, this was an advantage as our focus was
to examine the impact of methacholine and mannitol induced changes elicited from the lower
airways). The majority of our subjects were female and thus we cannot comment on whether
gender differences exist with regards to airway responses and cough to these challenges. It is
important to note that in adults, asthma is more common in women than in men (Leynaert et al.,
2012).
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Although medication use was not significantly different between groups, inhaled
corticosteroid use has been shown to: (i) reduce sensitivity to methacholine in individuals with
CVA (Fujimura et al., 2005); (ii) reduce sensitivity to mannitol in subjects with asthma (Brannan
et al., 2002) and (iii) decrease cough sensitivity to capsaicin subjects with asthma (Ekstrand et al.,
2011). Therefore because our subjects had continued their use of inhaled corticosteroids for long
durations our results may have been affected. Eighty-eight percent of subjects with asthma, 60%
of subjects with CVA and 56% of subjects with methacholine-induced cough and normal airway
sensitivity were taking inhaled corticosteroids prior to study enrolment, which could have
attenuated their responses/sensitivity to methacholine.
Finally, the sample size achieved was less than that recommended by our power estimate
(n=24, 8 per group), which limits interpretation of non-significant differences between groups.
Differences between our subject groups may in fact exist and we risk a Type II error (Freiman et
al., 1978) if we conclude that mechanical responses to mannitol or high-dose methacholine
challenges were comparable in our groups. A number of comparisons within this study also
included small numbers of subjects (e.g. mannitol PD15 between groups) which should be
acknowledged when interpreting their significance. Furthermore, this study was not powered to
detect significant differences in mid-to-late expiratory flows (FEF50%, FEF25-75% and FEF75%),
which would have required increasing the number of subjects and duration of the study.

Conclusion
We have demonstrated that mechanical responses recorded during both mannitol (FEV1 (%pr)
and RV (%pr)) and high-dose methacholine challenges (IC (%pr) and RV (%pr)) reflect a nonsignificant continuum of responses between subjects with: (i) asthma; (ii) CVA and (iii)
methacholine-induced cough and normal airway sensitivity. Mechanical responses in subjects
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with asthma and subjects with methacholine-induced cough and normal airway sensitivity were
significantly different during high-dose methacholine challenge; subjects with asthma displayed
significantly greater gas trapping and dynamic hyperinflation. We did not detect significantly
different mechanical responses between groups using mannitol challenge. However, 75% of
subjects with asthma displayed AHR to mannitol, 60% of subjects with CVA displayed AHR to
mannitol and notably 33% of subjects with methacholine-induced cough and normal airway
sensitivity displayed AHR to mannitol. Subjects with asthma and subjects with CVA coughed
and developed dynamic hyperinflation and gas trapping during mannitol challenge. Subjects with
methacholine-induced cough and normal sensitivity coughed significantly more at the dose
nearest to methacholine PC20 than at baseline and developed gas trapping during mannitol
challenge. Individuals with asthma who displayed AHR to mannitol were significantly more
sensitive to mannitol compared to subjects with CVA and subjects with methacholine-induced
cough and normal airway sensitivity. At the highest equivalent level of bronchoconstriction,
methacholine induced significant declines in FEF50% and FEF25-75% in all subjects groups while
mannitol did not. In conclusion, comparison of mechanical responses to direct and indirect
inhalation challenge tests has revealed a continuum between these groups which may reflect a
fundamental pathophysiological difference between them, such as varying degrees of
impairment/preservation of the bronchoprotective and bronchodilating effects of deep
inspirations.
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Appendix D
Statistical analysis plan to address hypotheses. MCh = methacholine; Pes = esophageal pressure.
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Appendix E
Baseline spirometry and lung volumes of subjects with asthma.

FEV1 (L)
FEV1 (%pr)
FVC (L)
FVC (%pr)
FEV1/FVC (%)
FEV1/FVC (%pr)
FEF50% (L/s)
FEF50% (%pr)
FEF25-75% (L/s)
FEF25-75% (%pr)
FEF75% (L/s)
FEF75% (%pr)
Lung Volumes
TLC (L)
TLC (%pr)
RV (L)
RV (%pr)
RV/TLC
RV/TLC (%pr)
FRC (L)
FRC (%pr)
IC (L)
IC (%pr)
EELV (L)
Resistance
Raw (cmH20/L/s)
Raw (%pr)
sRaw (cmH20/L/s)
sRaw (%pr)

Mannitol
(n=8)
2.81 ± 0.63
95.4 ± 16.0
3.92 ± 0.66
101.4 ± 14.2
71.7 ± 9.0
94.0 ± 10.3
2.72 ±1.28
57.9 ± 29.1
2.09 ± 1.25
61.9 ± 30.6
0.78 ± 0.57
45.5 ± 30.4

Methacholine
(n=8)
2.79 ± 0.54
94.5 ± 12.1
3.85 ± 0.59
99.7 ± 11.0
72.4 ± 8.1
94.9 ± 7.9
2.77 ± 1.18
58.9 ± 26.8
2.09 ± 1.17
61.9 ± 28.2
0.79 ± 0.53
45.5 ± 27.0

P-Value

5.55 ± 0.76
100.0 ± 8.7
1.64 ± 0.49
93.3 ± 14.6
0.29 ± 0.07
93.9 ± 16.7
2.67 ± 0.56
88.7 ± 16.2
2.91 ± 0.71
113.3 ± 15.5
2.65 ± 0.56

5.56 ± 0.86
100.0 ± 9.8
1.66 ± 0.53
94.7 ± 21.6
0.30 ± 0.07
94.7 ± 19.2
2.77 ± 0.57
91.9 ± 14.2
2.77 ± 0.55
108.5 ± 13.3
2.79 ± 0.61

0.874
0.990
0.826
0.797
0.957
0.876
0.264
0.293
0.156
0.179
0.221

2.4 ± 1.1
179.1 ± 84.8
7.3 ± 3.0
186.0 ± 85.0

2.2 ± 0.9
166.0 ± 73.7
6.7 ± 2.2
169.6 ± 62.2

0.665
0.661
0.686
0.656

0.792
0.788
0.494
0.496
0.559
0.580
0.688
0.713
0.969
1.000
0.957
0.996

All values are Mean ± SD. FEV1 = forced expiratory volume in one second; FVC = forced vital capacity;
FEV1/FVC = forced expiratory volume in one second divided by forced vital capacity; FEF50% = forced
expiratory flow at 50% of forced vital capacity; FEF25-75% = mean forced expiratory flow during the
middle half of the forced vital capacity; FEF75% = forced expiratory flow at 75% of forced vital capacity;
TLC = total lung capacity; RV = residual volume; RV/TLC = residual volume divided by total lung
capacity; FRC = functional residual capacity; IC = inspiratory capacity; EELV = end-expiratory lung
volume; Raw = airway resistance; sRaw = specific airway resistance.
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Appendix F
Baseline spirometry and lung volumes of subjects with cough variant asthma.

FEV1 (L)
FEV1 (%pr)
FVC (L)
FVC (%pr)
FEV1/FVC (%)
FEV1/FVC (%pr)
FEF50% (L/s)
FEF50% (%pr)
FEF25-75% (L/s)
FEF25-75% (%pr)
FEF75% (L/s)
FEF75% (%pr)
Lung Volumes
TLC (L)
TLC (%pr)
RV (L)
RV (%pr)
RV/TLC
RV/TLC (%pr)
FRC (L)
FRC (%pr)
IC (L)
IC (%pr)
EELV (L)
Resistance
Raw (cmH20/L/s)
Raw (%pr)
sRaw (cmH20/L/s)
sRaw (%pr)

Mannitol
(n=5)
2.42 ± 0.49
93.3 ± 14.0
3.68 ± 1.03
104.4 ± 20.3
67.1 ± 7.2
90.1 ± 9.7
2.12 ± 0.32
48.3 ± 6.7
1.60 ± 0.19
55.8 ± 9.6
0.54 ± 0.09
37.7 ± 6.2

Methacholine
(n=5)
2.42 ± 0.43
93.1 ± 9.0
3.61 ± 1.15
102.3 ± 23.8
69.3 ± 9.0
93.3 ± 13.2
2.07 ± 0.30
47.4 ± 7.8
1.67 ± 0.17
58.6 ± 10.5
0.59 ± 0.06
43.9 ± 4.2

P-Value

5.97 ± 1.14
110.8 ± 17.9
2.17 ± 0.31
114.6 ± 15.4
0.37 ± 0.06
103.9 ± 6.2
3.20 ± 0.75
108.1 ± 23.1
2.77 ± 0.69
113.6 ± 18.9
3.20 ± 0.76

6.08 ± 1.27
112.5 ± 18.6
2.49 ± 0.40
130.8 ± 14.4
0.42 ± 0.08
117.7 ± 15.6
3.44 ± 0.96
116.0 ± 30.1
2.67 ± 0.99
107.9 ± 23.0
3.39 ± 0.90

0.323
0.366
0.043
0.038
0.038
0.037
0.146
0.140
0.644
0.470
0.202

2.8 ± 1.3
208.4 ± 99.7
10.0 ± 4.2
248.6 ± 96.2

2.3 ± 0.8
177.5 ± 69.7
9.6 ± 4.9
246.1 ± 134.2

0.481
0.509
0.878
0.966

0.981
0.952
0.330
0.311
0.489
0.473
0.714
0.777
0.592
0.497
0.092
0.096

All values are Mean ± SD. Bolded values indicate significant differences. Abbreviations as in Appendix E.
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Appendix G
Baseline spirometry and lung volumes of subjects with methacholine-induced cough and normal
airway sensitivity.

FEV1 (L)
FEV1 (%pr)
FVC (L)
FVC (%pr)
FEV1/FVC (%)
FEV1/FVC (%pr)
FEF50% (L/s)
FEF50% (%pr)
FEF25-75% (L/s)
FEF25-75% (%pr)
FEF75% (L/s)
FEF75% (%pr)
Lung Volumes
TLC (L)
TLC (%pr)
RV (L)
RV (%pr)
RV/TLC
RV/TLC (%pr)
FRC (L)
FRC (%pr)
IC (L)
IC (%pr)
EELV (L)
Resistance
Raw (cmH20/L/s)
Raw (%pr)
sRaw (cmH20/L/s)
sRaw (%pr)

Mannitol
(n=9)
3.02 ± 0.70
109.8 ± 15.0
3.89 ± 0.73
106.9 ± 12.5
77.0 ± 5.9
102.7 ± 6.8
3.31 ± 1.49
71.5 ± 31.2
2.74 ± 1.19
87.7 ± 31.9
1.05 ± 0.66
65.2 ± 31.8

Methacholine
(n=9)
3.04 ± 0.73
110.4 ± 15.8
3.92 ± 0.78
107.6 ± 12.8
76.9 ± 6.0
102.5 ± 7.5
3.65 ± 1.36
78.7 ± 27.2
2.71 ± 1.16
87.2 ± 31.6
1.01 ± 0.59
63.6 ± 27.4

P-Value

5.78 ± 0.95
105.9 ± 11.5
1.82 ± 0.53
98.4 ± 14.7
0.32 ± 0.08
93.2 ± 11.8
2.93 ± 0.81
98.6 ±26.5
2.86 ± 0.82
114.2 ± 19.3
2.93 ± 0.81

5.86 ± 1.08
106.9 ± 9.0
1.85 ± 0.60
99.2 ± 19.1
0.31 ± 0.09
93.0 ± 17.7
2.99 ± 0.77
100.0 ± 22.3
2.85 ± 0.83
113.7 ± 17.2
3.01 ± 0.74

0.395
0.462
0.728
0.853
0.870
0.939
0.514
0.607
0.865
0.802
0.348

1.5 ± 0.54
110.0 ± 43.4
4.88 ± 1.51
124.2 ± 37.9

1.5 ± 0.7
113.0 ± 58.1
4.8 ± 2.0
121.2 ± 45.9

0.713
0.691
0.838
0.755

All values are Mean ± SD. Abbreviations as in Appendix E.
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0.445
0.508
0.222
0.314
0.823
0.843
0.967
0.871
0.330
0.313
0.773
0.889

Appendix H
Baseline spirometry and lung volumes at mannitol visits.

(n=8)
2.81 ± 0.63
95.4 ± 16.0
3.92 ± 0.66
101.4 ± 14.2
71.7 ± 9.0
94.0 ± 10.3
2.72 ±1.28
57.9 ± 29.1
2.09 ± 1.25
61.9 ± 30.6
0.78 ± 0.57
45.5 ± 30.4

Cough Variant
Asthma
(n=5)
2.42 ± 0.49
93.3 ± 14.0
3.68 ± 1.03
104.4 ± 20.3
67.1 ± 7.2
90.1 ± 9.7
2.12 ± 0.32
48.3 ± 6.7
1.60 ± 0.19
55.8 ± 9.6
0.54 ± 0.09
37.7 ± 6.2

MCh Negative
with Cough
(n=9)
3.02 ± 0.70
109.8 ± 15.0
3.89 ± 0.73
106.9 ± 12.5
77.0 ± 5.9
102.7 ± 6.8 §
3.31 ± 1.49
71.5 ± 31.2
2.74 ± 1.19
87.7 ± 31.9
1.05 ± 0.66
65.2 ± 31.8

5.55 ± 0.76
100.0 ± 8.7
1.64 ± 0.49
93.3 ± 14.6
0.29 ± 0.07
93.9 ± 16.7
2.67 ± 0.56
88.7 ± 16.2
2.91 ± 0.71
113.3 ± 15.5
2.65 ± 0.56

5.97 ± 1.14
110.8 ± 17.9
2.17 ± 0.31
114.6 ± 15.4
0.37 ± 0.06
103.9 ± 6.2
3.20 ± 0.75
108.1 ± 23.1
2.77 ± 0.69
113.6 ± 18.9
3.20 ± 0.76

5.78 ± 0.95
105.9 ± 11.5
1.82 ± 0.53
98.4 ± 14.7
0.32 ± 0.08
93.2 ± 11.8
2.93 ± 0.81
98.6 ±26.5
2.86 ± 0.82
114.2 ± 19.3
2.93 ± 0.81

0.727
0.309
0.175
0.058
0.217
0.317
0.434
0.329
0.953
0.995
0.405

2.4 ± 1.1
179.1 ± 84.8
7.3 ± 3.0
186.0 ± 85.0

2.8 ± 1.3
208.4 ± 99.7
10.0 ± 4.2
248.6 ± 96.2

1.5 ± 0.5 †
110.0 ± 43.4 ††
4.88 ± 1.51*
124.2 ± 37.9**

0.046
0.057
0.015
0.019

Asthma
FEV1 (L)
FEV1 (%pr)
FVC (L)
FVC (%pr)
FEV1/FVC (%)
FEV1/FVC (%pr)
FEF50% (L/s)
FEF50% (%pr)
FEF25-75% (L/s)
FEF25-75% (%pr)
FEF75% (L/s)
FEF75% (%pr)
Lung Volumes
TLC (L)
TLC (%pr)
RV (L)
RV (%pr)
RV/TLC
RV/TLC (%pr)
FRC (L)
FRC (%pr)
IC (L)
IC (%pr)
EELV (L)
Resistance
Raw (cmH20/L/s)
Raw (%pr)
sRaw (cmH20/L/s)
sRaw (%pr)

ANOVA
0.271
0.091
0.855
0.758
0.072
0.041
0.252
0.299
0.178
0.091
0.228
0.176

All values are Mean ± SD. Bolded values indicate significant differences. Abbreviations as in Appendix E.
§
p=0.060, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
†
p=0.07, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
††
p=0.09, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
*
p=0.01, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
**
p=0.02, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
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Appendix I
Baseline spirometry and lung volumes at methacholine visits.

(n=8)
2.79 ± 0.54
94.5 ± 12.1
3.85 ± 0.59
99.7 ± 11.0
72.4 ± 8.1
94.9 ± 7.9
2.77 ± 1.18
58.9 ± 26.8
2.09 ± 1.17
61.9 ± 28.2
0.79 ± 0.53
45.5 ± 27.0

Cough Variant
Asthma
(n=5)
2.42 ± 0.43
93.1 ± 9.0
3.61 ± 1.15
102.3 ± 23.8
69.3 ± 9.0
93.3 ± 13.2
2.07 ± 0.30
47.4 ± 7.8
1.67 ± 0.17
58.6 ± 10.5
0.59 ± 0.06
43.9 ± 4.2

MCh Negative
with Cough
(n=9)
3.04 ± 0.73
110.4 ± 15.8 †, ††
3.92 ± 0.78
107.6 ± 12.8
76.9 ± 6.0
102.5 ± 7.5
3.65 ± 1.36 §§
78.7 ± 27.2 §
2.71 ± 1.16
87.2 ± 31.6
1.01 ± 0.59
63.6 ± 27.4

5.56 ± 0.86
100.0 ± 9.8
1.66 ± 0.53 *
94.7 ± 21.6 *
0.30 ± 0.07 *
94.7 ± 19.2
2.77 ± 0.55
108.5 ± 13.3
2.79 ± 0.61

6.08 ± 1.27
112.5 ± 18.6
2.49 ± 0.40
130.8 ± 14.4
0.42 ± 0.08
117.7 ± 15.6
2.67 ± 0.99
107.9 ± 23.0
3.39 ± 0.90

5.86 ± 1.08
106.9 ± 9.0
1.85 ± 0.60
99.2 ± 19.1 *
0.31 ± 0.09 **
93.0 ± 17.7 ‡
2.85 ± 0.83
113.7 ± 17.2
3.01 ± 0.74

0.675
0.198
0.040
0.009
0.032
0.051
0.920
0.772
0.382

2.21 ± 0.9
166.0 ± 73.7
6.7 ± 2.2
169.6 ± 62.2

2.3 ± 0.8
177.5 ± 69.7
9.6 ± 4.9
246.1 ± 134.2

1.5 ± 0.7
113.0 ± 58.1
4.8 ± 2.0 *
121.2 ± 45.9 *

0.120
0.161
0.027
0.033

Asthma
FEV1 (L)
FEV1 (%pr)
FVC (L)
FVC (%pr)
FEV1/FVC (%)
FEV1/FVC (%pr)
FEF50% (L/s)
FEF50% (%pr)
FEF25-75% (L/s)
FEF25-75% (%pr)
FEF75% (L/s)
FEF75% (%pr)
Lung Volumes
TLC (L)
TLC (%pr)
RV (L)
RV (%pr)
RV/TLC
RV/TLC (%pr)
IC (L)
IC (%pr)
EELV (L)
Resistance
Raw (cmH20/L/s)
Raw (%pr)
sRaw (cmH20/L/s)
sRaw (%pr)

ANOVA
0.222
0.033
0.790
0.564
0.193
0.136
0.061
0.074
0.203
0.103
0.327
0.231

All values are Mean ± SD. Bolded values indicate significant differences. Abbreviations as in Appendix E.
§
p=0.096, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
§§
p=0.069, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
†
p=0.07, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
††
p=0.09, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
*
p<0.05, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
**
p=0.083, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
‡
p=0.067, compared to the cough variant asthma group by ANOVA with Bonferroni correction.
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Appendix J
Equations for dose-response curves of subjects on a semi-log plot.

Equation: Sigmoidal dose-response (variable slope)
Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope))
Asthma group (n=8)
Y=5.253 + (27.61-5.253)/(1+10^((-0.4624-X)*1.330))
CVA group (n=5)
Y= -0.1069 + (27.58-(-0.1069))/1+10^((-0.1536-X)*1.121))
Methacholine-induced cough and normal airway sensitivity group (n=9)
Y= 0.8721 + (17.24-0.8721)/1+10^((1.100-X)*1.000))
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