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Abstract 

Rationale: The pathophysiologic differences between classic asthma (CA), cough variant asthma (CVA), 

and methacholine (MCh)-induced cough but normal airway sensitivity (COUGH) are poorly understood 

and may relate to differences in small airway function. We hypothesized that the bronchodilating and 

bronchoprotective effects of DIs are:  (a) absent or impaired in individuals with CA; (b) impaired in 

individuals with CVA; and (c) preserved in those with COUGH. 

Purpose: To compare the effect of DIs in individuals with CA, CVA and COUGH using high-dose 

methacholine (MCh). 

Methods: Individuals aged 18-65 years with CA, or suspected CVA attended 3 visits. On visit 1, subjects 

performed body plethysmography and high-dose MCh testing to a maximum change (Δ) in FEV1 of 50% 

from baseline (MAX). On visits 2 and 3, subjects performed one of two modified single-dose MCh 

challenge tests with or without DIs prior to MCh administration. Partial and maximal-flow volume curves 

(used to calculated a DI index), impulse oscillometry (IOS) measurements and breathlessness (Borg scale) 

were recorded at baseline and at each dose of MCh. Lung volumes were measured by body 

plethysmography at baseline and MAX. Responses from baseline to a 20% decline in FEV1 (PC20) or 

MAX, and between visits with or without DIs were compared using paired t-tests. Between group 

differences were assessed by analysis of variance. 

Results: 19 subjects (14 female; 45.1±13.1 years (MEAN±SD)) completed the protocol (n=8 CA, n=7 

CVA, and n=4 COUGH). At the dose nearest to PC20, the DI index was positive in all 3 groups, indicating 

preserved bronchodilation (CA: 0.88±0.67; CVA: 0.33±0.39; COUGH:  0.016±0.46; P=.0.076). There 

were no significant differences in: the Δs in spirometry, lung volumes, airway resistance, IOS 

measurements, closing indices, the DI index, or dyspnea when the single dose of MCh was preceded 

either by five DIs or by DI avoidance in CVA and COUGH. DIs in CA resulted in greater Δs in mid-to-

late flows. 
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Conclusion: The bronchodilating effect of DIs is preserved in CA, CVA and COUGH. The 

bronchoprotective effect may fall along a continuum. A larger study including subjects with more severe 

CA is required to definitively test the hypotheses.  
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Chapter 1 

General Introduction 

Cough in Asthma 

Cough is a complex physiologic reflex which generally acts as a valuable protective 

airway clearance mechanism arising from irritation of the intrapulmonary or extrapulmonary 

tracts (Karlsson et al., 1988a). The cough reflex can be harmful when it is dry, painful, or 

traumatic, where the role of cough as a physiological defense turns pathological. Chronic cough 

(lasting 8 weeks or more) is a common symptom, often accompanied by significant morbidity 

(Irwin et al., 2006). Asthma is a chronic inflammatory airway disorder characterized by 

paroxysmal symptoms including: cough, wheeze, shortness of breath and chest tightness 

(Lougheed et al., 2012a), and is one of the most common causes of chronic cough (Corrao et al., 

1979). When cough is the sole or predominant symptom of asthma, this is referred to as cough 

variant asthma (CVA) (Abouzgheib et al., 2007). Although it is accepted that cough can be the 

only symptom of asthma, little is known of how asthma results in coughing but not significant 

wheezing in some individuals (Smith, 2010). Significant psychosocial and physical consequences 

have been described in patients with chronic cough (French et al., 1998), and Osman et al. (2001) 

found that patients with asthma perceived cough to be the most troubling symptom as these 

subjects rated daytime cough and breathlessness more bothersome than wheezing, chest tightness 

or sleep disturbance. This highlights the importance of increasing the understanding of cough in 

asthma.  

Cough Variant Asthma 

One of the most common causes of a chronic cough in children (Holinger, 1986) as well 

as in adults (Irwin et al., 1990) is CVA. CVA is typically diagnosed when a chronic cough is 

associated with airway hyperresponsiveness (AHR) and responds to asthma therapy in the 



 

2 

 

absence of other causes (Irwin et al., 1997). Methacholine (MCh)-induced cough is highly 

suggestive of CVA (Matsumoto et al., 2009). Nevertheless, since bronchoprovocation testing is 

not readily available in many communities, a trial of inhaled corticosteroids (ICSs) is frequently 

prescribed, and a response is often interpreted as evidence of a diagnosis of CVA (Lougheed et 

al., 2012b). Unfortunately, this often leads to overdiagnosis of CVA since other causes of chronic 

cough such as eosinophilic bronchitis (EB) and atopic cough also respond to steroid treatment 

(Fujimura et al., 2003; Brightling, 2006). Individuals with CVA are less sensitive (have a higher 

threshold dose of MCh needed to increase resistance), less reactive (have a more gradual increase 

in airway resistance with increasing MCh), and cough more during MCh challenges compared to 

those with classic asthma (CA) (Matsumoto et al., 2009). Koh et al. (1993) reported that CVA is 

associated with a higher wheezing threshold (the minimal degree of airway obstruction when 

wheezing becomes audible) than CA. Additionally, the maximal airway response on the dose-

response curves to MCh is significantly lower in patients with CVA than in patients with CA, and 

a greater proportion of patients with CVA demonstrate a plateau response than patients with CA 

who have a similar degree of airway sensitivity (Kang et al., 2005). A plateau response during a 

bronchoprovocation challenge is defined as less than a 5% decrease in the forced expiratory 

volume in one second (FEV1) over two or more dose steps, after an initial decline of more than 

10% from baseline (Woolcock et al., 1984).  

Studies of the natural history of CVA are informative. For instance, Corrao et al. (1979) 

found that 2 of 6 patients with CVA began wheezing within 18 months of completing their study. 

A review by Johnson and Osborn (1991) reported that a significant proportion of patients 

diagnosed with CVA eventually develop wheezing, sometimes severe enough to necessitate 

sustained bronchodilator therapy. Thus, since many individuals with CVA eventually manifest 

the classic signs of asthma, diagnosing CVA is clinically important as it may be a precursor of 

CA. 
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Mechanisms of Cough in Asthma 

The mechanisms of cough in asthma have recently been reviewed (Turcotte & Lougheed, 

2011). The afferent sensory nerves and receptors, in particular the myelinated rapidly adapting 

(irritant) receptors (RARs) and the unmyelinated C-fibres are thought to play a role in the cough 

reflex in humans (Widdicombe, 1995). Up-regulation of sensory nerve activity of the cough 

reflex appears to play a key role in the pathophysiology of chronic cough. Nevertheless, the exact 

mechanisms are uncertain. The concept of sensory hyperresponsiveness is supported by evidence 

of an enhanced tussive response to inhaled capsaicin in subjects with chronic cough (including 

individuals with asthma) (Choudry & Fuller, 1992), following upper respiratory viral infection 

(O'Connell et al., 1996),  as well as in individuals with idiopathic cough (Karlsson et al., 1988b). 

Although there is much debate in this area, potential mechanisms for the sensitized cough reflex 

in asthma include eosinophilic airway inflammation as well as mast cell activation (Niimi et al., 

2013).  

Eosinophils play a fundamental role in the inflammatory response which occurs in 

asthma and are also a potential source of inflammatory mediators which may modify cough 

(Holgate, 2008). As is the case in asthma (Frigas & Gleich, 1986; Bochner et al., 1994; Ulrik, 

1995), eosinophils are increased in the blood, sputum, airway mucosa, and bronchoalveolar 

lavage fluid of patients with CVA, suggesting the presence of eosinophilic inflammation in both 

large and small airways (Niimi et al., 1998; Yoo et al., 2004; Otsuka et al., 2011). Furthermore, 

the extent of eosinophilic inflammation correlates with CVA severity, thus, eosinophils may play 

a role in the pathogenesis of cough in CVA (Niimi et al., 1998). Eosinophils selectively localize 

to airway nerves (Costello et al., 1997) and adhesion to airway nerves promotes release of 

eosinophil granule proteins (Kingham et al., 2002). The release of eosinophil granule proteins 

may promote cough by sensitizing vagal pulmonary sensory neurons (Gu et al., 2008). Epithelial 

damage caused by eosinophils has been associated with AHR in asthma (Beasley et al., 1989) and 

cough-reflex hypersensitivity in patients who have a chronic cough but do not have asthma 
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(Niimi et al., 2005). In EB, ICS treatment decreases both cough severity (assessed by a cough 

visual analog scale) and sensitivity to inhaled capsaicin, which correlates with the reduction in 

sputum eosinophil count (Brightling et al., 2000). Thus, as in asthma, eosinophilic airway 

inflammation may also play a role in the pathogenesis of cough associated with EB. 

Mast cell numbers are increased in the airway smooth muscle (ASM) of individuals with 

asthma but not in those with EB (Brightling et al., 2002). Consequently the infiltration of these 

cells into ASM is thought to be necessary for AHR and airflow obstruction in asthma. However, 

mast cells are also greater in bronchoalveolar lavage fluid and the bronchial submucosa of 

individuals with a chronic cough who do not have asthma, and patients with CVA demonstrate a 

trend toward similar increases (McGarvey et al., 1999; Niimi et al., 2005). Additionally, mast cell 

numbers in bronchial brushings are elevated in EB compared to asthma (Gibson et al., 1998). 

Thus, localization of activated mast cells may determine the development of AHR or chronic 

cough. To further support the view that activated mast cells are associated with chronic cough, in 

patients with mastocytosis, a condition characterized by mast cell proliferation and accumulation 

throughout the body, chronic cough is among the most common morbidities (Hermine et al., 

2008). Furthermore, since ICSs reduce mast cell infiltration and activation in the bronchial 

mucosa (Peachell, 2005), the success of ICSs in the treatment of chronic cough may be a result of 

its effect on mast cells. 

In addition to increased cough reflex sensitivity, cough can be triggered by 

bronchoconstriction in CA and CVA, which responds to bronchodilator therapy (Corrao et al., 

1979; Fujimura et al., 1994). This is thought to explain the cough response which occurs during 

MCh challenge. Bronchoconstriction-triggered cough is likely mediated by activation of RARs 

(Koskela et al., 2005; Ohkura et al., 2010), and not by activation of cough receptors since they 

are insensitive to changes in airway luminal pressure, ASM contraction or stretch (Canning et al., 

2004; Mazzone et al., 2009; Canning, 2010). However, many individuals without asthma cough 
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during MCh challenge despite no significant bronchoconstriction (determined by a decrease in 

FEV1) which suggests that other mechanisms are involved in MCh-induced cough  (Ohkura et al., 

2009). Nevertheless, it may be clinically useful to distinguish between cough due to a heightened 

cough reflex sensitivity and cough induced by bronchoconstriction, since the latter responds to 

bronchodilator therapy. However, it is more likely that chronic cough is the result of a complex 

combination of these two mechanisms. 

Airway Smooth Muscle Tone 

The parasympathetic nervous system plays a major role in establishing ASM tone in 

human airways (Canning & Fischer, 2001). Stimulation of the vagus nerve releases acetylcholine 

(ACh) from postganglionic cholinergic fibers; the ACh activates muscarinic receptors resulting in 

bronchoconstriction and mucus secretion (Barnes, 1993; Coulson & Fryer, 2003). In patients with 

asthma, basal ASM tone is increased compared to that in healthy individuals (Molfino et al., 

1993). Anticholinergic drugs have been found to decrease this increased tone (O'Connor et al., 

1996), suggesting that the activity of the parasympathetic nervous system is increased in asthma 

(Aaron, 2001). Although human ASM expresses both M2 and M3 muscarinic receptors, ASM 

contraction due to ACh or other muscarinic agonists appears to be predominantly mediated by 

M3 muscarinic receptors (Roffel et al., 1990). Nevertheless, the M2 muscarinic receptor may still 

play a role in the pathophysiology of asthma. The M2 muscarinic receptor is an autoreceptor as it 

is a prejunctional inhibitory muscarinic receptor which inhibits the release of ACh from 

parasympathetic nerve endings, and M2 muscarinic receptor dysfunction has been observed in 

patients with asthma (Minette et al., 1989). Consequently M2 muscarinic autoreceptor 

dysfunction could play a role in the AHR observed in asthma since less inhibition of ACh release 

would result in greater secretion of ACh from parasympathetic nerve endings. Additionally, 

evidence indicates that ACh is also released from non-neuronal origins such as the bronchial 
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epithelium and inflammatory cells, thus ACh from these sources could also play a role in the 

AHR in asthma (Wessler & Kirkpatrick, 2001). 

Airway Hyperresponsiveness 

AHR, a heightened response to low-dose bronchoconstrictive stimuli (Woolcock et al., 

1984), is a cardinal feature of both CA and CVA (Irwin et al., 1997). However, the 

pathophysiology of AHR is poorly understood. AHR, as assessed by increased responsiveness to 

MCh, is not exclusive to asthma (Hargreave et al., 1982). Compared to healthy subjects, those 

with AHR have dose-response curves to bronchoconstrictive stimuli that display increased 

sensitivity (leftward shift) and either an increased plateau response or the absence of a plateau 

response as measured by a fall in FEV1 from baseline (Woolcock et al., 1984).  

It is now understood that AHR to direct stimuli comprises both a fixed and a variable 

component (Cockcroft, 2010). The latter can change rapidly such as with exposure to an allergen, 

likely reflecting changes in airway inflammation. In contrast, the former is likely related to 

persistent structural airway changes referred to as airway remodeling that may be a consequence 

of airway inflammation (Cockcroft, 2010).  

Asthma is a chronic inflammatory disorder of the airways and involves many cells and 

cellular elements (Bateman et al., 2008). Thus, inflammation in asthma may account for the 

variable component of AHR which results in recurrent episodes of wheezing, chest tightness and 

coughing (Bateman et al., 2008). Improvement in AHR to direct-acting stimuli following inhaled 

anti-inflammatory treatment has been demonstrated (Barnes, 1990). This supports the notion that 

AHR has a variable component related to the presence of airway inflammation and justifies 

reassessment of the severity of AHR in an individual in order to establish optimal treatment and 

control (Bel et al., 1991; Booms et al., 1997). Despite long-term treatment with ICSs, AHR can 

persist, which may be due to the fixed component of AHR (Barnes, 1998). 
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Airway Remodeling 

Airway remodeling, which is thought to be responsible for the fixed component of AHR, 

includes structural changes in the airways such as subepithelial fibrosis, increased ASM mass, 

gland enlargement, neovascularization, and epithelial alterations. These changes contribute to the 

thickening of airway walls and consequently lead to the airway narrowing, AHR, airway edema, 

and mucous hypersecretion characteristic of asthma (Lemiere et al., 2004; Becker et al., 2005). 

Airway remodeling has been linked to lung function deterioration and the loss of bronchodilator 

reversibility (Pascual & Peters, 2009). As a result poorer clinical outcomes have been associated 

with airway remodeling in patients with asthma (Yamauchi, 2006).  

Airway remodeling is thought to be the result of the underlying chronic inflammatory 

process (Homer & Elias, 2000), and is the rationale for ICS therapy as it suppresses airway 

inflammation, reduces symptoms and exacerbations, and often normalizes lung function (Murray, 

2008). However, recent evidence suggests that bronchoconstriction is also a factor contributing to 

airway remodeling.  

During bronchoconstriction, the mechanical stress imposed on the airways promotes gene 

expression and growth factor release in airway epithelial cells (Swartz et al., 2001). Mechanical 

stress is important for the development and maturation of the airways (Tschumperlin & Drazen, 

2006); thus, repeated mechanical stimulation could promote tissue remodeling in individuals with 

asthma. Grainge et al. (2011) found that repeated bronchoconstriction in asthma promotes airway 

remodeling 4 days after repeated airway challenges. Furthermore this airway remodeling did not 

depend on the stimulus causing the bronchoconstriction, whether it was MCh or allergen 

challenge. To support this notion, Oenema et al. (2013) recently demonstrated in guinea pig lung 

slices that bronchoconstriction can induce the release of transforming growth factor beta (TGF-β), 

a cytokine that induces ASM remodeling.  
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The possibility that bronchoconstriction induces airway remodeling also provides an 

explanation for the remodeling described in patients with chronic cough. Niimi et al. (2005) 

concluded that chronic cough may be related to the airway remodeling, since in patients with 

either asthmatic or non-asthmatic cough, there was evidence of goblet cell hyperplasia, 

subepithelial fibrosis, and increased vascularity. Furthermore an increase in ASM was also 

present in patients with non-asthmatic cough. Features of airway remodeling, including goblet 

cell hyperplasia (Niimi et al., 2005) and airway wall thickening determined by CT imaging 

(Matsumoto et al., 2007), are associated with cough reflex hypersensitivity. Consequently, cough 

may persist since airway remodeling plays a role in its pathogenesis, and cough itself may induce 

remodeling, in this manner perpetuating a vicious cycle (Niimi, 2011).  

Methacholine 

MCh is a direct agonist which acts on the M3 muscarinic receptors on ASM to initiate 

bronchoconstriction (Roffel et al., 1990). Since AHR is considered to be a universal feature of 

current symptomatic asthma, its absence has been considered clinically useful to exclude the 

presence of asthma (Crapo et al., 2000). Essentially, the MCh challenge test is considered to be 

highly sensitive and to possess a high negative predictive value (Crapo et al., 2000).  

MCh is administered using standardized protocols either through tidal breathing using a 

nebulizer, or by using a dosimeter which involves maximal lung inflations to total lung capacity 

(TLC), referred to as deep inspirations (DIs), while documenting the response to each dose (Ryan 

et al., 1981; Crapo et al., 2000). A 20% fall in FEV1 is the endpoint for MCh bronchoprovocation 

testing and the provocative concentration (PC20) or dose (PD20) of agonist that elicits this fall is 

calculated by interpolation from the log dose (or concentration) response curve (Crapo et al., 

2000).  

Cut points for both methods exist in order to classify AHR. According to American 

Thoracic Society (ATS) guidelines, a MCh PC20 greater than 16 mg/mL is considered normal 
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(Crapo et al., 2000). The ATS guidelines designate that a PC20 between 4 and 16 mg/mL is 

borderline, 1-4 mg/mL is mild AHR, 0.25-1.0 mg/mL is moderate AHR and a PC20 less than 0.25 

mg/mL is considered indicative of severe AHR. Some individuals who react to MCh at higher 

concentrations (i.e. with mild or borderline AHR) following tidal breathing administration have a 

negative test result (i.e. MCh PC20 >16 mg/mL) when evaluated using dosimetry (Burke et al., 

2009). Using the standardized-dosimeter method which requires five DIs, as many as 25% of 

asthma patients may have a false-negative test result due to partially preserved bronchoprotective 

and bronchodilating effects of DIs, consequently using this method is not as reliable as tidal 

breathing administration (Cockcroft & Davis, 2006).  

In healthy subjects, the dose-response curve plateaus at high concentrations of inhaled 

histamine or MCh;  in contrast, asthma patients demonstrate excessive airway narrowing, 

characterized by an increased or absent plateau  (Woolcock et al., 1984). This may be a more 

clinically important feature of AHR than hypersensitivity as it reflects the potential severity of an 

individual’s airway obstruction (Woolcock et al., 1984). The idea that the maximal response 

might provide some insight into asthma severity is supported by Koh et al. (2002), who observed 

that a higher maximal response in patients with CVA was a risk factor for the subsequent 

development of wheezing at a four year follow-up. In contrast, the degree of airway 

hypersensitivity did not predict which patients with CVA developed wheezing.  

Methacholine-induced Cough 

Cough is a common observation during MCh challenge and it is thought that MCh-

induced cough is triggered by bronchoconstriction (Ohkura et al., 2009). When compared to 

individuals without asthma, subjects with moderate or severe asthma have greater AHR and 

cough less in response to high-dose MCh (Ohkura et al., 2010). Matsumoto et al. (2009) found 

that subjects with CVA are less sensitive, less reactive and wheeze less in response to MCh 

challenge compared to subjects with CA. However, subjects with CVA cough more frequently. 
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Recently, a group of individuals with chronic cough who cough during high-dose MCh 

challenge but have normal airway sensitivity (i.e. do not have CA or CVA) has been identified 

(Lougheed & Fisher, 2007; Lougheed et al., 2009). Small airway obstruction and increased 

esophageal pressures develop prior to a cough in these individuals, which partially return to 

baseline following a DI and cough. It was hypothesized that the preservation of the 

bronchoprotective effect of a DI may explain the partial return to normal of esophageal pressure 

and flow after a cough in these individuals. This is consistent with the finding that MCh-induced 

cough in healthy subjects without asthma was associated with the bronchodilating effect of a DI 

(Ohkura et al., 2009). Thus, it is possible that the preservation or loss of the bronchoprotective 

and bronchodilating effects of a DI may be important to distinguish features of CA from related 

conditions such as CVA and MCh-induced cough but normal airway sensitivity (COUGH).  

Small Airway Dysfunction  

Lung tissue derived from autopsy and surgical resection of individuals with asthma 

reveals eosinophilic inflammation occurs in the small airways, often to a greater degree than in 

the large airways (Faul et al., 1997; Hamid et al., 1997). The small airways, defined as distal 

airways with an internal diameter of less than 2 mm, are considered to be a ‘silent zone’ as they 

are only responsible for approximately 10% of total airway resistance (Bjermer, 2001). 

Nevertheless, since these airways account for a large proportion of total cross-sectional area 

(Gehr et al., 1978; Knowles & Boucher, 2002), and there appears to be a defect in peripheral 

airway function which contributes to the loss of DI-induced bronchoprotection (Crimi et al., 

2002), the peripheral airways may be clinically relevant in the pathophysiology of asthma and 

related conditions.  

Characteristics of small airway obstruction include premature airway closure and gas 

trapping (Scichilone et al., 2009). In order to better examine airway obstruction, Sorkness et al. 

(2008) partitioned this concept into two elements: air trapping (reduced forced vital capacity 
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(FVC) and airflow limitation (decreased FEV1/ FVC). In their study, severe asthma was 

associated with widespread air trapping. In contrast, individuals with non-severe asthma did not 

exhibit air trapping, even when FEV1/FVC was less than 75% predicted. Air trapping and 

hyperinflation were further confirmed by increases in RV and RV/TLC, which have been 

suggested as possible early detectors of peripheral airways disease, such as chronic obstructive 

pulmonary disease (COPD) (Timmins et al., 2012).  

Increased ventilation heterogeneity, a disparity in ventilation between different lung 

regions, is a sensitive marker of abnormal small-airway function, and one that can be measured 

using single-breath (Verbanck et al., 2012) or multiple-breath (Burgel et al., 2009; Farah et al., 

2012a; Farah et al., 2012b; Farrow et al., 2012; Thompson et al., 2013) washout techniques. The 

clinical relevance of ventilation heterogeneity is unclear. Nevertheless, it is an independent 

determinant of AHR, improves with bronchodilators and ICSs, and worsens during exacerbations 

(Downie et al., 2007; Goo & Yu, 2011; Thompson et al., 2013). Farah et al. (2012a) determined 

that there was greater ventilation heterogeneity in patients with poorly controlled asthma. 

Additionally, changes in ventilation heterogeneity after 8-12 weeks of high-dose ICS treatment 

(500-1000 µg/day of beclomethasone dipropionate and hydrofluoroalkane (BDP-HFA) 

equivalent) correlated with changes in asthma symptom control independently of all other 

measured physiologic variables.  

 In addition to ventilation heterogeneity, gas trapping, a high-resolution computed 

tomography (HRCT) indicator of peripheral airway disease, correlates significantly with the 

degree of asthma severity and airway hypersensitivity (Ueda et al., 2006).Thus, it is thought that 

small airway dysfunction plays a role in the manifestation of asthma symptoms. 

Deep Inspirations 

The effect of a DI on airway responsiveness was initially reported in humans in 1961 

(Nadel & Tierney, 1961). In an effort to develop an abbreviated MCh challenge test, Malmberg et 
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al. (1993b) observed that a DI before MCh administration protected the airways from 

bronchoconstriction, and it also appeared that the protective effect of a DI was more prominent 

when it was taken before the administration of MCh than if the DI took place afterwards. It is 

now recognized that a DI can partially reverse airflow limitation and improve lung volumes in 

healthy individuals (Pellegrino et al., 1994). These improvements are due to the combination of 

bronchodilating and bronchoprotective effects; the increased lung volume causes bronchodilation 

followed by a refractoriness to bronchoconstriction (Kapsali et al., 2000). 

Bronchoprotection 

Bronchoprotection can be defined as the tendency of a drug or a maneuver to inhibit 

bronchoconstriction (Cockcroft & Davis, 2012). A series of five DIs before the inhalation of a 

single dose of MCh significantly bronchoprotects the airways of healthy individuals but not 

individuals with asthma, since the reductions in FEV1 and FVC after a single dose of MCh were 

significantly less in individuals without asthma when the challenge was preceded by DIs than 

when it was not (Kapsali et al., 2000; Scichilone et al., 2000). Crimi et al. (2002) confirmed that 

DIs preceding MCh challenge significantly blunted the decrease of FEV1 and FVC measured one 

minute after MCh inhalation in healthy subjects, and that this protective effect was absent in 

individuals with asthma. Interestingly, they also found that the effects of DIs on changes in FEV1 

and FVC were abolished when measured 10 minutes after MCh inhalation even in healthy 

subjects, indicating that the bronchoprotective effect is transient. The bronchoprotective effect in 

healthy subjects is quite potent and prohibiting DIs before bronchial challenge increases the 

response to MCh in subjects without asthma (Skloot et al., 1995; Kapsali et al., 2000; Scichilone 

et al., 2000). Thus it has been postulated that a loss of the bronchoprotective effect may be one of 

the important mechanisms resulting in AHR and the development of asthma (Scichilone et al., 

2000). Indeed, Kapsali et al. (2000) suggested that bronchoprotection does not occur at all in 

individuals with asthma. However, significant bronchoprotection does exist in some subjects with 
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mild asthma and mild AHR (Scichilone et al., 2001). Interestingly, in a study using the forced 

oscillation technique (FOT) to assess the effect of DIs on MCh-induced bronchoconstriction in 

mice, DIs prior to MCh challenge enhanced airway narrowing and increased ventilation 

heterogeneity (Wong et al., 2012). It is possible that in asthma, these unfavourable effects of a DI 

are exaggerated, offsetting the beneficial effects of DIs, perhaps even promoting 

bronchoconstriction in these individuals (Marthan & Woolcock, 1989). 

Nevertheless, how DIs protect against AHR in healthy individuals is poorly understood. 

Elastance, the inverse of compliance determined using FOT, describes the elastic properties of 

lung tissue attributed primarily to the periphery (Goldman et al., 2005). As a result, it is sensitive 

to airway closure.  In rats, DI avoidance resulted in increased elastance after MCh challenge 

without affecting resistance, indicating a purely peripheral effect on the airways (Schweitzer et 

al., 2006). Chapman et al. (2009) suggested that the bronchoprotective effect of DIs during MCh-

induced bronchoconstriction is a result of their ability to reduce the development of airway 

closure in subjects without asthma. Airway closure in their study was measured by a reduction in 

FVC, which assumes that any change in volume is due to an increase in residual volume (RV) 

representing gas trapping (Gibbons et al., 1996), and consequently MCh-induced changes in FVC 

reflect airway closure. Chapman et al. (2009) detected a significant fall in FVC in subjects 

without asthma when DIs were avoided, and based on FOT data it was found to be a 

predominantly peripheral effect suggesting an increase in peripheral airway closure. In contrast, 

DIs did not protect against global airway narrowing since there were no changes in FEV1/FVC 

during MCh provocation.  

Since DIs had no effect on peripheral responses in subjects with asthma, this raises the 

possibility that there is an important defect in peripheral airway function, a defect that contributes 

to the loss of DI bronchoprotection. The mechanism, however, is unknown. Since avoiding DIs 

for 20 minutes does not directly affect airway mechanical properties as measured by the FOT, this 
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suggests instead that avoiding DIs ‘primes’ the airways for increased narrowing and closure when 

they are stimulated (Chapman et al., 2009). Anafi and Wilson (2001) suggested that avoiding DIs 

results in a preferential distribution of airflow to larger airways, consequently reducing the caliber 

of smaller airways and increasing ventilation heterogeneity. In a subsequent study, using multiple 

breath nitrogen washout, Chapman et al. (2011) found that DI avoidance increased baseline 

ventilation heterogeneity in peripheral regions of the lung in subjects without asthma, but baseline 

heterogeneity did not correlate with increased airway responsiveness to MCh. Nevertheless, in 

asthma the severity of AHR correlates with the degree of ventilation heterogeneity at baseline 

(Downie et al., 2007).  

Increased baseline ventilation heterogeneity in individuals with asthma may be a result of 

decreased surfactant release or due to uneven airway remodeling causing permanent ventilation 

heterogeneity that persists after DIs and accounts for the loss of DI bronchoprotection. DI 

avoidance could decrease surfactant release causing increased surface tension and consequently 

increased closure upon ASM stimulation (Chapman et al., 2009). Additionally, inflammation has 

an inhibitory effect on ion surfactant, which could also cause greater surface tension in asthma 

and could account for increased airway closure (Hohlfeld et al., 2004). In support of this theory, 

expiration to low lung volumes causing a loss and/or deactivation of surfactant molecules 

(Brusasco et al., 1999), could explain the increased airway closure in subjects without asthma as 

observed by Chapman et al. (2009), where the bronchoprotective effect was abolished when the 

DIs were followed by complete expiration to RV rather than FRC. Expiration to RV would result 

in widespread airway closure, and non-uniform recruitment of airways during subsequent 

inspiration. 

Numerous studies have suggested that DI-induced bronchoprotection is due to protection 

against ASM contraction (Kapsali et al., 2000; Scichilone et al., 2000; Lutchen et al., 2001). 

Airway remodeling occurs in asthma and consequently hyperplasia and/or hypertrophy of ASM 
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may result in greater ASM contraction (James et al., 2012). Changes in the organization of 

contractile filaments within ASM occur during changes in length such as during DIs (Wang et al., 

2000). Thus the presence of structural reorganization may protect against airway narrowing 

during bronchial challenges. Stretching contracted ASM by DI reduces bronchospasm by 

disrupting actin-myosin crossbridges (Fredberg et al., 1997; Fredberg et al., 1999). However, 

when a DI occurs prior to the administration of bronchoconstrictive stimuli, there are few or no 

crossbridges (Pascoe et al., 2012). Consequently physical detachment of cross-bridges likely 

explains bronchoprotection. This is supported by the findings of Chapman et al. (2009) since DIs 

do not affect the MCh-induced fall in FEV1/FVC or respiratory resistance measured by the FOT 

in subjects with or without asthma, suggesting that global contractility is not affected. However, 

they could not rule out the possibility that DI protection against airway closure occurred through 

protection against increased contractility of peripheral ASM. Since the effect of DIs is thought to 

be peripheral, and ASM is only minimally present within the acinus (Leslie et al., 1990), it 

appears unlikely that the increased airway responsiveness after DI avoidance is due to increased 

ASM contractility.  

Bronchodilation 

The mechanisms responsible for the beneficial effects of DIs are unclear, but once 

bronchoconstriction has been produced, DIs can substantially reverse it. Nadel and Tierney 

(1961) showed that while a DI did not alter airway resistance when measured at FRC at baseline, 

it always reduced airway resistance for one to two minutes when bronchoconstriction was 

present. In healthy humans, DIs produce bronchodilation in previously contracted airways, which 

is a beneficial effect that maintains airway patency (Brusasco et al., 1999; Scichilone et al., 2000; 

Crimi et al., 2008). The bronchodilating effect of DIs after a challenge is absent or impaired in 

subjects with asthma, although if it is present, the effect is reduced (Fish et al., 1981; Pellegrino 

et al., 1994; Salome et al., 2003). Within the population of individuals with asthma, there is a 



 

16 

 

large variability in DI-induced bronchodilation which appears to be dependent on the severity of 

disease (Scichilone et al., 2007). Interestingly, using HRCT, Brown et al. (2001) observed that 

after MCh-induced bronchoconstriction, a DI, which caused bronchodilation in healthy 

individuals, initiated further bronchoconstriction in individuals with asthma. Thus, individuals 

with asthma appear to have increased ASM reactivity, which counteracts the bronchodilating 

effect of a DI. Therefore, the mechanism for a decreased bronchodilator effect after DI in subjects 

with mild asthma could be due to a fundamental difference in the ASM. 

 Fish et al. (1981) suggested that AHR in asthma might be due to impairment in the ability 

of a DI to stretch the constricted ASM and dilate the airways as opposed to increased response to 

stimuli. It has been hypothesized that bronchodilation after a DI can be attributed to the forces of 

interdependence between airways and parenchyma since airway caliber changes with changes in 

lung volume, and this is mediated by the radial traction that is applied to the airway walls 

(Pellegrino et al., 1991; Pellegrino et al., 1998). This mechanism is sustained by the elastic 

connective tissue that surrounds the airways which is also responsible for the elastic recoil 

properties of the lungs (Scichilone et al., 2004a). That is to say, intact parenchyma permitting 

airway interdependence is required for DI-induced bronchodilation to take place and any factor 

disrupting the interdependence between airways and parenchyma could possibly interfere with 

the ability of DIs to dilate airways.  

Additionally, reduction of elastic recoil in asthma could weaken the radial traction of the 

airway walls (Mansell et al., 1974; Freedman et al., 1975), allowing for loss of supporting tissue 

in the peripheral airways and facilitating airway closure (Cheung et al., 1997). This could explain 

why bronchodilation from DIs appears to be absent in subjects with abnormal lung parenchyma, 

such as in emphysema (Scichilone et al., 2004b)  

Airway remodeling in asthma could result in increased airway wall thickness due to 

hyperplasia and/or hypertrophy of ASM (Ebina et al., 1993). It has been suggested that the 
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increased thickness of the airway wall observed in the more severe stages of asthma could 

increase airway stiffness and oppose airway distension (Scichilone et al., 2004a). However, how 

increased airway stiffness affects bronchodilation is unclear. It had been suggested that DI 

avoidance prior to challenge leads to a stiffer airway that is resistant to stretch. However, this was 

refuted by Chapman et al. (2010), who found that DI avoidance prior to challenge did not affect 

the magnitude of the bronchodilating effect of a DI.  

Impulse Oscillometry  

Spirometry and plethysmography are the most widely available non-invasive pulmonary 

function tests (PFTs), which can be used to assess small airway dysfunction. The forced 

expiratory maneuver can provide information about both the large and small airways, where 

FEV1 primarily assesses the proximal airways, and the distal airways contribute mainly to the 

second part of expiration (Lapp & Hyatt, 1967). An obstruction in the distal airways is apparent 

when expiratory flows in the terminal portion of the spirogram decrease and a concavity on the 

flow-volume curve is seen during expiration. Accordingly, the forced expiratory flow (FEF) 

between 25% and 75% of the FVC (FEF25-75) and FEF at 50% of the FVC (FEF50) have been 

regarded as more sensitive measures of small airways narrowing than FEV1 (McFadden & 

Linden, 1972). Nevertheless, FEF25-75 is not as reproducible as FEV1, has a large range of 

normalcy, and is challenging to interpret if FVC is changed (Sorkness et al., 2008). The ratio of 

FVC to slow vital capacity (SVC) has also been suggested to be an indirect marker of distal 

airway dysfunction, and is thought to reflect either distal airway obstruction or a decrease in 

elastic recoil in the airway parenchyma (Wenzel et al., 1999; Cohen et al., 2007).  

The bronchodilating and bronchoprotective effects of DIs have been raised as a reason 

for not using spirometry during bronchoprovocation studies since spirometry requires an 

inhalation to TLC (Orehek et al., 1981). Thus, the measurements acquired during spirometry can 

be affected by the DI which precedes an FVC maneuver. During induced bronchoconstriction, a 
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DI transiently reopens closed airways and causes bronchodilation, the magnitude of which 

depends on the relative magnitude of the distending force of lung parenchyma and the 

constricting force of ASM (Pellegrino et al., 1998). As a result, any values which are measured 

during a full forced expiratory maneuver will depend on the ASM shortening capacity as well as 

the response of the airway wall to a DI.  

The FOT is a type of impedance oscillometry which measures the mechanical properties 

of the respiratory system associated with the degree of energy loss (resistance) and energy storage 

(reactance) associated with oscillations at a given frequency (LaPrad & Lutchen, 2008). 

Impedance oscillometry measures lung mechanics by superimposing small external pressure 

signals on the spontaneous breathing of the subject (Dubois et al., 1956).  

Impulse oscillometry (IOS) has been introduced as a straightforward commercial version 

of the FOT. IOS is different than the classical FOT since the pressure fluctuations in the FOT are 

sinusoidal and use only one frequency or change the frequency pseudo-randomly, whereas IOS 

delivers a regular rectangular wave of pressure and as such generates a continuous spectrum of 

frequencies (Hellinckx et al., 2001).  

Theoretically, the frequency spectrum of IOS permits evaluation of respiratory 

impedance from the upper to the distal airways depending on the oscillation frequency (Goldman 

et al., 2005). Low oscillation frequencies have been be shown to be transmitted peripherally in 

the lung while high oscillation frequencies are extinguished in intermediate-sized airways (Frantz 

& Close, 1985; Bates et al., 2011). For instance, the resistance component of impedance 

measured at high oscillation frequencies (R20) predominantly reflects resistance in the proximal 

airways, whereas resistance measured at lower frequencies (R5) encompasses total airway 

resistance. Resistance in the peripheral airways (R5-R20) can thus be determined by subtracting 

central resistance from total resistance. 
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Respiratory reactance provides information on the forces of inertia and compliance acting 

in the lung periphery. Inertive properties are not considered clinically important, since changes in 

reactance due to lung disease are primarily a result of changes in respiratory compliance 

(MacLeod & Birch, 2001). Through IOS, reactance is expressed at 5 Hz (X5) and is a negative 

value, thus increasingly negative values signal a reduction in compliance. According to 

impedance measures, overall respiratory compliance in patients with COPD is reduced, even 

though lung tissue compliance can be increased in emphysema as a result of parenchymal tissue 

destruction, thus this observed decrease is compliance has been suggested to be a result of airway 

obstruction (Houghton et al., 2004; Borrill et al., 2005). In asthma, reactance was found to be 

strongly associated with asthma control and explained 43% of the variability in asthma symptom 

scores, independent of all other measured variables (Kelly et al., 2013). Since the reactance 

measurements indicated a reduction in pulmonary compliance and since compliance is typically 

normal in asthma based on lung pressure-volume relationships (Finucane & Colebatch, 1969; 

Bogaard et al., 1995; Brown et al., 2007), it has been  proposed that this apparent reduction in 

compliance in poorly controlled asthma is a consequence of greater peripheral airway closure and 

heterogeneity compared to well-controlled asthma (Lutchen et al., 1996; Lutchen & Gillis, 1997). 

Other variables which can be determined from IOS are the reactance area (AX) and 

resonant frequency (fres). AX is the integrated low frequency reactance from 5Hz to the fres 

(Saadeh et al., 2003). AX corresponds to the area of the roughly triangular shape below the zero 

reactance line and above the X-frequency tracing, with its vertex at fres, and is considered normal 

when it is ≤ 0.33kPa/L (Goldman et al., 2005).  At this unique frequency, fres, the total impedance 

to airflow (resistive and reactive) is entirely attributable to resistance and is considered normal 

when it is approximately 6-11 Hz (Goldman et al., 2005).                                                                                                                                                                                          

In comparison to spirometry, IOS confers a number of benefits for measuring lung 

function since it is rapid, requires only passive cooperation from the subject, does not require any 



 

20 

 

respiratory maneuvers, is non-invasive and is able to be used in patients who are unable to 

perform acceptable spirometry (Vink et al., 2003). Since it does not require maximal or forced 

respiratory maneuvers, impedance oscillometry likely does not affect ASM tone (Navajas & 

Farre, 2001). This is particularly valuable since other tests require the subject to perform specific 

respiratory maneuvers that are not a normal part of a patient’s daily activities and so the 

significance of measurements made during these maneuvers might be difficult to determine. IOS 

is also beneficial as it can provide supplementary detail about lung mechanical properties to 

traditional PFT.  

Air trapping, an indicator of peripheral airway disease correlates significantly with the 

degree of asthma severity and AHR (Ueda et al., 2006). Because of this, and the speculation that 

the bronchoprotective effect of DIs is due to a peripheral effect, IOS has been of interest in 

asthma research as it is a valuable tool for looking at distal airway function (Chapman et al., 

2009). 

Summary 

The pathophysiologic mechanisms which differentiate CA, CVA and COUGH are not 

fully understood. Recent investigations examining the effects of DIs on MCh-induced 

bronchoconstriction have found that in healthy subjects, DIs have both bronchodilating and 

bronchoprotective effects, as inspiration to TLC causes bronchodilation followed by 

refractoriness to bronchoconstriction. Interestingly, in asthma, these bronchoprotective and 

bronchodilating effects are either absent of impaired. Cough during high-dose MCh challenge is 

preceded by small airway obstruction, dynamic hyperinflation, gas trapping and an increase in 

end-expiratory esophageal pressure (AutoPEEP) which partially resolve after a cough in 

individuals with COUGH  (PC20>16 mg/mL of MCh). The bronchodilating and 

bronchoprotective effects of DIs have yet to be studied in individuals with CVA or COUGH. 

Thus, it is possible that the preservation or loss of the bronchoprotective and bronchodilating 
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effects of a DI may distinguish CA from these related conditions. This study will examine and 

compare the pulmonary responses to DIs in these subject populations using high-dose MCh 

challenges.  

Research Aim 

The purpose of this research is to explore the pathophysiology and the effect of DIs in individuals 

with CA, CVA and COUGH using high-dose MCh bronchoprovocation testing. 

Hypotheses 

It has been proposed that asthma and related conditions fall along a continuum related to the loss 

of the bronchodilating and bronchoprotective effects of DIs (Figure 1). Thus, it was hypothesized 

that: 

1) The bronchodilating effect of a DI will be: (a) absent or impaired in individuals with CA; 

(b) impaired in individuals with CVA; and (c) preserved in those with COUGH. 

2) The bronchoprotective effect of a DI will be: (a) absent in individuals with CA; (b) 

impaired in individuals with CVA; and (c) preserved in those with COUGH.  

Research Questions and Objectives 

Question 1-Are there differences in the bronchodilating effect of DIs between individuals 

with CA, CVA and COUGH?  

Mid-expiratory flows recorded at the MCh concentration causing a 20% fall in FEV1 

(PC20) are the primary outcome measures. The bronchodilating effect of a DI will be determined 

by investigating the responses to high-dose MCh challenge testing (visit 1) in all three groups by 

calculating a DI index using the expiratory flows from the partial and full flow-volume loops at 

40% above RV from the FVC (PEF40 and MEF40, respectively) at PC20 (Ohkura et al., 2010). 

Differences between groups will be determined by ANOVA. 
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Question 2-Are there differences in the bronchoprotective effect of DIs between individuals 

with CA, CVA and COUGH? 

The percent change in FEV1 at maximal response following administration of MCh using 

modified single-dose MCh challenge tests on visits 2 and 3 (Fig. 2) will be the primary outcome 

measure. The bronchoprotective effect of a DI will also be examined by comparing mechanical 

responses to MCh using IOS, and partial and complete flow-volume loops as described in 

Question 1 (Chapman et al., 2009). IOS will measure peripheral airway function using respiratory 

system reactance (X5), and peripheral resistance (R5-R20) and central resistance (R20) will be 

used as indices of airway narrowing. Spirometry will also be used to measure peripheral airway 

function (reduction in FVC as a measure of airway closure). Differences between groups will be 

determined by ANOVA.  
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Figure 1. Theoretical continuum of disorders of airway responsiveness and bronchoprotective 

effect of deep inspirations.  Mch = methacholine. (Lougheed et al., 2012b) 
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Chapter 2 

Materials and Methods 

Subjects 

Individuals with CA and suspected CVA aged 18-65 years of age were recruited from KGH 

ambulatory clinics (including the Asthma, Urgent Asthma, Cough, and General Respirology 

clinics), the KGH Asthma Education Centre and the Asthma Research Unit study database. 

Subjects were then classified into three groups having: a) CA - episodic respiratory symptoms 

occurring in association with variable airflow obstruction (Canadian Thoracic Society [CTS] 

Asthma Guidelines (Lougheed et al., 2012a); b) CVA – asthma (PC20 ≤16 mg/mL) with a chronic 

cough as the sole or predominant symptom, and responds to asthma treatment (such as ICS or 1 

week trial of bronchodilator therapy) (Fujimura et al., 2003; Irwin et al., 2006); c) COUGH - 

chronic cough as the sole or predominant symptom and a negative MCh challenge with the 

presence of cough (PC20>16 mg/mL) (Irwin et al., 2006).  Confirmation of the diagnoses of CA 

and CVA were made by careful history, and when necessary, review of medical record to verify 

the response to a trial of bronchodilator. Exclusion criteria were as follows:  

1) an exacerbation of symptoms requiring a change in medication, a visit to the emergency 

department or hospitalization within the last four weeks; 

2) FEV1 less than 60% of the predicted normal value; 

3) inability to perform acceptable spirometry; 

4) medical contraindication to MCh challenge testing (Crapo et al., 2000); 

5) smoking history in excess of 10 pack years (packs per day x years as a smoker); 

6) myasthenia gravis (use of cholinesterase inhibitors); 

7) aortic or cerebral aneurysm, uncontrolled hypertension, uncontrolled hyperthyroidism, 

myocardial infarction or cerebral vascular accident in the previous 6 months;  
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8) women who were pregnant or breastfeeding (Crapo et al., 2000); 

9) failure to cough during MCh challenge (for subjects who displayed normal airway 

sensitivity to MCh). 

Previous or current treatment with inhaled or systemic corticosteroids was not an exclusion 

criterion. Medication use was recorded and examined in the analysis.  

The study protocol was approved by the Queen’s University Health Sciences Research 

Ethics Board (HSREB) (Appendix A, Appendix B), Letter of No Objection was received by 

Health Canada’s Therapeutic Products Directorate (TPD) and Natural Health Products 

Directorate (NHPD) (Clinical Trials Registry Number: NCT01659476) (Appendix C). 

Study Design 

This was a randomized, unblinded experimental design. Subjects attended 3 visits (Figure 

3) to the laboratory at the same time of day to undergo traditional and modified high-dose MCh 

challenge tests. The visits were separated by at least 48 hours and the maximum time between 

visits was 14 days. All visits were completed within four weeks. 

First Visit   

The detailed study design is illustrated in (Figure 3). After obtaining informed consent 

(Appendix D), medical history and screening for exclusion criteria, subjects completed the Mini 

Asthma Quality of Life Questionnaire (Mini-AQLQ) (Juniper et al., 1999) (Appendix E), and the  

Leicester Cough Questionnaire (LCQ) (Birring et al., 2003) (Appendix F). The subjects then 

underwent pulmonary function testing, including IOS (Oostveen et al., 2003; Borrill et al., 2005), 

spirometry (Miller et al., 2005b), body plethysmography to determine lung volumes (Rodenstein 

& Stanescu, 1983), and high-dose MCh challenge testing (Lougheed et al., 1995; Crapo et al., 

2000). IOS measurements and maximal and partial expiratory flow volume curves (MEFV, 

PEFV, respectively) (Ohkura et al., 2010) were performed after each dose. IOS values were   
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Figure 2. Study Design.  Definition of Abbreviations: DI= deep inspiration; IOS = impulse oscillometry; 

LCQ = Leicester Cough Questionnaire; MCh = Methacholine; mini-AQLQ = Mini Asthma Quality of Life 

Questionnaire; MEFV = maximal expiratory flow volume curve; PEFV = partial expiratory flow volume 

curve.  
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measured before and after  a 10 minute period of DI Avoidance (Figure 3) during the baseline 

visit to determine if DI avoidance would directly affect airway caliber. IOS measurements were 

repeated after the PEFF/MEFV maneuvers, and plethysmography to determine if it these lung 

function tests would change airway caliber and alter IOS measurements. 

Second and Third Visits 

During visits 2 and 3 subjects performed one of two modified single-dose MCh challenge 

tests in random order at either visit after baseline pulmonary function testing (Figure 3)(Chapman 

et al., 2009). Following a 10 minute DI avoidance period (which was preceded by and followed 

by IOS measurements to determine if airway caliber changed during DI avoidance), subjects (a) 

performed five DIs, or (b) refrained from taking DIs prior to inhaling a single dose of MCh equal 

to twice the dose inhaled in the standard incremental challenge which elicited a 20% drop in 

FEV1. If individuals in the COUGH group did not demonstrate a 20% drop in FEV1, twice the 

highest dose they received during visit 1 was used, not exceeding 256 mg/mL of MCh.  

Subjects were coached by the research associates how to take the DIs, which were 

inspiratory maneuvers from EELV to TLC and back to EELV. The inspiration portion was slow, 

lasting approximately 3 seconds, and subjects paused slightly at TLC to ensure that they had 

achieved full inflation before relaxing for expiration. During the protocol, the research associates 

completed DI maneuvers with the subjects to ensure compliance.  

Medication 

Subjects were asked to withhold bronchodilators for the following duration prior to testing 

according to ATS guidelines for MCh challenge testing (Crapo et al., 2000): 

 inhaled non-steroidal anti-inflammatory agents: 6-8 hours 

 short-acting β-agonists (SABAs): 8 hours 

 ICSs: 12 hours  

 ipratropium bromide : 12 hours  
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Figure 3. Detailed study design. Definition of Abbreviations: DI= deep inspiration; IOS = impulse 

oscillometry; MCh=Methacholine; MEFV = maximal expiratory flow volume curve; PEFV = partial 

expiratory flow volume curve  
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 ICSs plus long-acting β-agonists (LABAs): 24 hours 

 LABAs: 48 hours  

 theophylline preparations: 48 hours  

 tiotropium bromide: 72 hours 

 antihistamines: 72 hours  

 leukotriene receptor antagonists: 96 hours  

Subjects were informed that if they experienced an exacerbation requiring the use of their 

medication, to take their medication as they had been directed by their health care practitioner, 

and inform the research associates in order to reschedule the visit.  

Symptom Evaluation 

Dyspnea was defined as previously described (Lougheed et al., 1993) and rated at 

baseline and after each dose of MCh using the modified Borg scale (Borg, 1982). Subjects were 

asked to rate their difficulty breathing in, breathing out, and their overall difficulty breathing.  

Methacholine Challenge Testing 

MCh challenge testing was performed using Provocholine® (methacholine chloride; 

Methapharm Limited., Brantford, Ontario) according to ATS guidelines for assessment of 

sensitivity (Crapo et al., 2000) and according to a standardized high-dose tidal breathing protocol 

(Sterk et al., 1985). 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. IOS measurement was obtained immediately after the dose 

of MCh. The response to MCh at each dose was as also evaluated by PEFV/MEFV maneuvers 

according to a published method (Sterk et al., 1985) .  
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The test was terminated if: a) FEV1 decreased by 50% of the baseline for high-dose 

testing (determined from the MEFV); b) a plateau had been reached (less than a 5% change in 

FEV1 over 2 or more dose steps, after an initial decrease of >10%); c) the subject developed 

intolerable symptoms and wished to stop; or d) the last dose (256 mg/mL) had been given (Sterk 

et al., 1985). Following data collection, bronchoconstriction was reversed with inhaled 

salbutamol (200µg every 10 minutes by metered dose inhaler and spacer), until FEV1 was within 

10% of the baseline value. The provocative concentration of MCh that induced a 20% fall in 

FEV1 (PC20) from baseline was interpolated from log10 dose-response curves. Coughs were 

defined as audible expiratory maneuvers against a closed glottis (Morice, 2008; Chung et al., 

2009). AHR to MCh was defined as a PC20 ≤ 16 mg/mL (Crapo et al., 2000). Any coughs or DIs 

which occurred during the bronchoprovocation test were manually recorded by both the research 

associate and the MSc candidate, and the coughs occurring in response to MCh (not including any 

coughs in response to saline) were summed for analysis . 

Measurements 

Pulmonary Function Testing  

Spirometry (FEV1, FVC, PEFR, FEF25-75, FEF50) was performed according ATS and 

European Respiratory Society (ERS) Task Force standards (Miller et al., 2005a), using a Vmax 

V62J Autobox (CareFusion, Yorba Linda, CA). Lung volumes and specific airway resistance 

(sRaw) were determined by constant-volume body plethysmography. Panting frequency was 

standardized at 1 Hz to minimize the potential for frequency dependent overestimation of thoracic 

gas volume (Vtg) during bronchoconstriction (Rodenstein & Stanescu, 1983). IC was measured 

using body plethysmograpy. TLC was calculated as the sum of FRC and IC. The predicted values 

for spirometry, lung volumes, and airway resistance used were those of Morris et al. (1971), 

Goldman and Becklake (1959), Briscoe and Dubois (1958), respectively.   
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Impulse Oscillometry 

Subjects underwent IOS measurement as previously described using a Masterscreen IOS 

(Erich Jaeger, Hoechberg, Germany) (Oostveen et al., 2003; Borrill et al., 2005). Subjects 

breathed tidally on the device with nose clips applied while it emitted wave impulses. Pulmonary 

impedance was measured and reported as resistance (R), the energy required to propagate the 

pressure wave through the airways and reactance (X), which reflects the viscoelastic properties of 

the respiratory system. A minimum 30-sec (150 impulses) interval of testing was performed from 

which the mean values of reactance and resistance were calculated by the software at frequencies 

from 5 to 20 Hz, specifically R5, R20, and X5 (Komarow et al., 2012). Additionally fres, and AX 

were measured.  Assuming the coherence, which is a measure of testing reliability, was 

acceptable (>90 at 5 Hz, >80 at 20 Hz)(Goldman et al., 2002; Marotta et al., 2003), and there was 

no evidence of coughing, swallowing, vocalization, hyperventilation, or breath holding, the trial 

was saved. Subjects were trained at baseline to not occlude the mouthpiece with their tongue by 

positioning it below the open channel of the mouthpiece, to prevent tongue position artifact. A 

Registered Respiratory Therapist (RRT) supervised and evaluated the subjects’ performance. 

When taken in triplicate, the measurements from the three efforts for each IOS parameter were 

averaged for final results (Al-Mutairi et al., 2007). 

Leicester Cough Questionnaires (LCQs) 

Subjects completed LCQs (Appendix F) at visit 1 to assess their quality of life with 

respect to cough (Birring et al., 2003). The questionnaire is a valid measure of chronic cough. 

The LCQ uses a 7 point Likert scale with answers ranging from 1=all the time to 7=none of the 

time. A higher score indicates a higher quality of life with respect to cough. The domains are 

scored out of 7 (total score from questions in each domain/number of questions in the domain). 

The overall score for the LCQ for each subject is calculated by adding the individual domain 
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scores. A difference of 2.56 in the total score is considered to be clinically significant (Birring et 

al., 2003).   

Mini Asthma Quality of Life Questionnaires (Mini-AQLQs) 

Subjects completed Mini-AQLQs (Appendix E) at visit 1 to assess their asthma-specific 

quality of life (Juniper et al., 1999). The Mini-AQLQ is scored using a 7-point Likert scale: a 

score of 1 indicates severe impairment, a score of 4 indicates a moderate degree of impairment 

and a score of 7 indicates no impairment. All questions are equally weighted, and the overall 

score is the sum of each individual item score, divided by 15 (the total number of items), which is 

expressed as a score out of 7. Domain scores are calculated in the same manner. A difference in 

score of 0.5 is considered to be clinically significant (Vollmer et al., 1999).  

Symptom Evaluation 

Dyspnea was defined as previously described (Lougheed et al., 1993) and rated at 

baseline and after each dose of MCh, using the modified Borg scale (Borg, 1982). 

Statistical Analysis 

Continuous variables were expressed as the mean ± standard deviation (SD) unless 

otherwise indicated.  The frequency of maximal airway response plateaus was calculated within 

each group. For continuous variables (including spirometry, lung volume, IOS, AQLQ scores and 

LCQ scores), within group comparisons were made using paired t-tests and between groups 

comparisons were made using analysis of variance (ANOVA) with Bonferroni correction for 

multiple comparisons. For non-continuous variables (including proportions of gender, medication 

use, and presence of maximal airway response plateaus), between groups comparisons were done 

using Kruskal-Wallis tests with post hoc Mann-Whitney U tests. A conventional level of 

statistical significance (P<0.05) was used in all analyses. Analyses were performed using SPSS 

version 22.0.0 (IBM Corporation; Chicago, IL, USA).  
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Sample Size 

 A sample size of 36 (12 per group) was required to detect a significant difference in a) 

mid-expiratory flows ((expiratory flow at 40% above the residual volume from the PEFV 

(PEF40), expiratory flow at 40% above the residual volume from the MEFV (MEF40)  at PC20 and 

at the maximal change in FEV1 from baseline (MAX) (Objective 1)), and b) percent change in 

FEV1 at the maximal response during visits two and three between groups (Objective 2), as well 

as for the planned sub-analyses (measures of peripheral airway function from IOS data). To 

determine whether responses to high-dose MCh challenges reflected a continuum between 

groups, ANOVA with Bonferroni correction for multiple comparisons was used to detect 

significant differences in ΔFEV1,, ΔIC and ΔRV between groups from baseline to MAX. It was 

assumed that a clinically relevant difference (SD) in PEF40 and MEF40 was 5% (5%) and % 

change in: FEV1, 5% (10%); IC 5% (5%); RV 5% (5%); α=0.05, β=0.20 or a power of 80% and a 

two-tailed test of significance. The clinically relevant differences for IOS measurements are not 

yet known; however, Chapman et al. (2009) have previously compared peripheral airway 

responses using IOS in subjects with asthma and subjects without asthma using sample sizes of 

n=9 and n=12, respectively.  

Bronchodilating Effect 

The bronchodilating effect of a DI was examined using responses to high-dose MCh 

challenge testing at visit 1, in the three groups by comparing the flow difference between the 

PEFV and MEFV at isovolume of 40% of the control VC (PEF40 and MEF40 respectively) at PC20 

with that recorded at baseline (Ohkura et al., 2010). Differences between groups were determined 

by ANOVA with Bonferroni correction. Specifically, the bronchodilating effect of DIs on MCh-

induced bronchoconstriction was examined using: 



 

34 

 

a) a bronchodilating index (DI index) which is the ratio of (MEF40-PEF40)/PEF40, (Ohkura et 

al., 2009). This index measures the bronchodilating effect of the DI from a MEFV 

maneuver, following a PEFV maneuver during induced bronchoconstriction. 

b) two closing indices which were calculated using the following equations:  

i.  (Downie et al., 2014). If this closing index is a negative value, this 

indicates that airway narrowing is the dominant effect. In contrast, a positive closing 

index indicates that airway closure is the dominant effect. If the closing index is zero 

this indicates that both airway narrowing and closure are equally prominent.  

ii.  (Chapman et al., 2008). This closing index specifies what proportion of the 

change in FEV1 is a result of airway closure, where a value greater than 0.5 indicates 

that airway closure is the dominant effect a value less than 0.5 indicates than airway 

narrowing is the dominant effect and a value of 0.5 indicates that both airway 

narrowing and closure are prominent.  

Bronchoprotective Effect 

The bronchoprotective effect was primarily examined by comparing the difference in the 

percent fall in FEV1 following the single dose of MCh between visits 2 and 3. The 

bronchoprotective effect of a DI was also examined by comparing mechanical responses to MCh 

using IOS, MEFV/PEFV, and spirometry (Chapman et al., 2009) between visits 2 and 3. IOS 

measured peripheral airway mechanics, using respiratory system reactance (X5) and peripheral 

resistance (R5-R20). Central resistance (R20) was used as an index of central airway narrowing. 

The MEFV/PEFV was used to calculate the DI index. Spirometry was also used to examine 

airway closure (by calculating the closing indices). Dyspnea after the single dose of MCh on 

visits 2 and 3 was compared within and between groups. Differences between groups will be 

determined by ANOVA with post-hoc Bonferroni correction for multiple comparisons.  
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Chapter 3 

Results 

Subject characteristics 

Of 43 volunteers screened, 33 were enrolled in the study (Figure 4). Nineteen subjects 

who completed all three visits were included in analyses. The remaining 14 subjects were 

excluded following enrolment. Seven subjects were excluded because they did not cough during 

the MCh challenge on visit 1 and did not have asthma. Three subjects were excluded as they were 

unable to successfully perform the PEFV/MEFV maneuvers, which were required frequently 

throughout the protocol. Two subjects were excluded after experiencing a greater than 20% fall in 

FEV1 from baseline in response to isotonic saline, in accordance with ATS guidelines. One 

subject was excluded as baseline lung function was less than 60% of the predicted value, and 

another subject dropped out of the study after the first visit.  

The average age of all subjects (MEAN±SD) was 45.1 ± 13.1 years, and the mean BMI 

of 28.0 ± 5.7 kg/m
2
. Most subjects were female (n= 14). Subject groups were matched for gender, 

height, mass and BMI (Table 1). Subjects with CVA were significantly older than the subjects 

with CA or COUGH. Sixteen subjects had a measurable PC20 to MCh (mean 6.4 ± 8.8 mg/mL). 

Three subjects with CA (37.8%), three subjects with CVA (42.9%) and two subjects with 

COUGH (50%) developed maximal airway response plateaus during high-dose MCh 

bronchoprovocation (Kruskal-Wallis p=0.921). There were no significant differences in history of 

allergies, eczema and rhinitis/sinusitis between groups (Table 1)  

Eight subjects were taking ICSs at the time of the study. Thirteen subjects were using 

SABAs, and five were using combination (ICS plus LABA) therapy (Table 2). Medication use 

did not differ significantly between groups (p>0.05). Total LCQ scores differed significantly 

between groups at baseline (Table 3).  
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Figure 4. Flow diagram of subject recruitment. CA = classic asthma; COUGH = methacholine-induced 

cough but normal airway sensitivity; CVA = cough variant asthma; DI = deep inspiration; FEV1 = forced 

expiratory volume in one second; Hx = history; MCh = methacholine; MEFV = maximal expiratory flow-

volume curve; PEFV= partial expiratory flow-volume curve.  

 

 

Table 1. Subject characteristics of stratified groups 

 CA 

(n=8) 

CVA 

(n=7) 

COUGH 

(n=4) 

P-value 

Age (y) 37.9 ± 10.3 58.3 ± 4.5* 36.5 ± 9.7
§
 0.000 

Gender (% female) 75.0 71.4 75.0 0.986 

Height (cm) 161.4 ± 14.5 167.3 ± 8.7 173.5 ± 12.3 0.282 

Mass (kg) 81.0 ± 11.7 73.7 ± 17.6 72.2 ± 10.5 0.490 

BMI (kg/m²) 31.4 ± 5.2 26.2 ± 5.3 24.1 ± 4.5 0.062 

Smoking History (pack y) 5.0 ± 3.5 
( n=2)

 1.2 
(n=1)

 - N/A 

PC20 MCh (mg/mL)  2.59 ± 2.49 5.87 ± 4.47 36.4 
(n=1)

 0.097
‡
 

MAX dose MCh (mg/mL)  7.38 ± 5.88 50.3 ± 39.7 128 ± 90.5*
§
 0.002 

Plateau (%) 37.5 42.9 50.0 0.921 

Allergies (%) 62.5 57.1 50.0 0.921 

Eczema (%) 12.5 0.0 0.0 0.424 

Rhinitis/Sinusitis (%) 37.5 28.6 50.0 0.787 

All values are mean ± SD. BMI = body mass index; CA = classic asthma; COUGH = methacholine-

induced cough but normal airway sensitivity; CVA = cough variant asthma; MCh = methacholine; N/A 

= not applicable; PC20 = provocative concentration eliciting a 20% decline in FEV1 from baseline. 

*significantly different from CA group using ANOVA test and post hoc Bonferroni correction 
§ 
significantly different from CVA group using ANOVA test and post hoc Bonferroni correction 

‡
p-value from independent samples t-test comparing CA with CVA 
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Table 2. Medication use 

 CA 

(n=8) 

CVA 

(n=7) 

COUGH 

(n=4) 

P-value 

SABA Use (%) 87.5 57.1 50.0 0.323 

LABA Use (%) 37.5 14.3 25.0 0.610 

ICS Use (%) 50.0 28.6 50.0 0.674 

Combination ICS/LABA Use (%) 37.5 14.3 25.0 0.610 

All values Mean ± SD. CA = classic asthma; COUGH = methacholine-induced cough but normal airway 

sensitivity; CVA = cough variant asthma; ICS = inhaled corticosteroid; SABA = short-acting ß2-agonist; 

LABA = long-acting ß2-agonist. P-value from Kruskal-Wallis test and post hoc Mann-Whitney U test. 

 

 

 

Table 3. Leicester Cough Questionnaire scores at visit 1 

  

CA 

(n=8) 
CVA 

(n=7) 
COUGH 

(n=4) 

P-value 

Physical Domain 6.5 ± 0.5 5.11 ± 1.0* 5.3 ± 1.1 0.031 

Psychological Domain 6.8 ± 0.1 4.6 ± 1.4
‡‡

 5.4 ± 1.3 0.004 

Social Domain 6.7 ± 0.2 4.6 ±1.2
‡‡

 4.9 ± 1.3* 0.002 

Total Score 19.9 ± 0.9 14.4 ± 3.4
‡‡

 15.6 ± 3.4* 0.002 

All values Mean ± SD. CA = classic asthma; COUGH = methacholine-induced cough but normal 

airway sensitivity; CVA = cough variant asthma. 
*P<0.05, compared to the Asthma group using ANOVA with post hoc Bonferroni comparison. 
‡‡P<0.01, compared to the Asthma group using ANOVA with post hoc Bonferroni comparison. 
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At the first visit, subjects with CVA and COUGH were significantly more affected by cough 

compared to the CA group. In contrast, overall mini-AQLQ scores did not differ significantly 

between groups at baseline (Table 4) 

Baseline spirometry and lung volumes 

Baseline spirometry and lung volumes were comparable in subjects with CA, CVA and 

COUGH at visit 1 (Appendix G). In subjects with COUGH, FEF75% was significantly greater than 

the CVA group at baseline. Individuals in the CVA were mildy hyperinflated compared to the CA 

group as reflected by RV and RV/TLC. These values were not significantly different from the 

COUGH group. In contrast, the percent predicted values for RV and RV/TLC were not 

significantly different between any of the groups at baseline. There were no significant 

differences between groups at baseline for all three visits (Appendix K, Appendix L, and 

Appendix M).    

Impulse oscillometry measures 

IOS measures were assessed repeatedly at baseline during visit 1 (Figure 3), and did not 

change significantly (data not shown). Specifically, triplicate IOS values before and after DI 

avoidance, and single IOS values before and after DI avoidance, did not change significantly. IOS 

values also did not change significantly when compared before and after the PEFV/MEFV 

maneuver, as well as before and after plethysmography.  

Cough during high-dose methacholine challenge 

 The total number of coughs in response to MCh during visit 1 were 3.6 ± 5.1, 34.0 ± 

27.3, 32.8 ± 33.3 in CA, CVA, and COUGH, respectively. The total number of coughs were 

significantly different between the three groups (ANOVA p-value =0.035). Post-hoc analysis 

using Bonferroni correction indicated no significant differences in the number of coughs between 

groups (CA vs. CVA, p=0.055; CA vs. COUGH, p=0.148; CVA vs. COUGH, p=1.000).  
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Table 4. Mini-Asthma Quality of Life Questionnaire scores at visit 1 

  
CA 

(n=8) 
CVA 

(n=7) 
COUGH 

(n=4) 
P-value 

Symptoms 5.9 ± 0.8 5.1 ± 1.0 5.7 ±1.4 0.305 

Activity Limitation 6.6 ± 0.4 6.2 ± 1.1 5.8 ± 1.5 0.347 

Emotional Function 6.3 ± 0.8 5.9 ± 1.2 5.5 ± 0.9 0.422 

Environmental Stimuli 6.2 ± 0.7 5.0 ± 1.2 4.8 ± 1.4 0.059 

Overall Score 6.2 ± 0.5 5.5 ± 1.2 5.5 ± 1.0 0.181 

All values Mean ± SD. CA = classic asthma; COUGH = methacholine-induced cough but normal airway 

sensitivity; CVA = cough variant asthma. P-value from ANOVA with Bonferroni correction. 
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Bronchodilating Effect (Visit 1) 

Responses to high-dose methacholine challenge 

Responses to high-dose MCh at MAX are presented in Table 5 and Table 6. The absolute values 

for each group at MAX are presented in Appendix H. The percent change in FEV1 was -36.1 ± 

10.8 (Mean  ± SD), -32.6 ± 9.5, and 19.5 ± 19.9 in CA, CVA, and COUGH, respectively. In the 

four COUGH subjects, the maximum percent changes in FEV1 were variable: 6% in two subjects, 

and 17% and 41% in the other two subjects. The percent changes in FEV1 at each administered 

dose of MCh for the four COUGH subjects are presented in Figure 5.                 

The percent change in FEV1 at MAX was not significantly different between the three 

groups, while the percent change in FVC was significantly greater in CA than COUGH. Subjects 

with CA and CVA developed significant dynamic hyperinflation and gas trapping (Figure 6) and 

all groups developed reductions in mid-to-late expiratory flows (Figure 7). The magnitude of the 

changes in lung volumes and mid-to-late expiratory flows was not significantly different between 

the three groups. Both closing indices,  and  were significantly different 

between CA and COUGH, and between CVA and COUGH at MAX, and subjects with CA and 

CVA had significantly greater increases in sRaw compared to COUGH (Table 5). 

Impulse oscillometry during high-dose methacholine challenge 

The absolute values for all IOS measurements at baseline and MAX are listed in 

Appendix I and Appendix J, respectively. IOS responses in all three groups during high-dose 

MCh challenge are plotted in Figure 8. Values at baseline did not differ significantly between the 

three groups, except for fres, which was significantly greater in both CA and CVA when compared 

with COUGH (Appendix I). At MAX, R5-R20 was significantly greater in CA   
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Table 5. Spirometry and lung volume responses to high-dose methacholine at MAX 

  CA CVA COUGH P-Value 

  (n=8) (n=7) (n=4)   

∆FEV1 (L) -1.10 ± 0.69‡‡ -0.85 ± 0.31§ -0.71 ± 0.67 0.494 

%∆FEV1 -36.1 ± 10.8 -32.6 ± 9.5 -19.5 ± 19.9 0.125 

∆FEV1 (%pr) -33.9 ± 15.9‡‡ -27.1 ± 10.0§ -20.2 ± 18.9 0.322 

∆FVC (L) -1.09 ± 0.85‡‡ -0.67 ± 0.25§ -0.34 ± 0.56 0.258 

%∆FVC -27.1 ± 11.2 -19.7 ± 8.1 -6.9 ± 13.1 0.022 

∆FVC (%pr) -28.2 ± 16.3‡‡ -18.7 ± 8.4‡‡ -7.9 ± 13.7 0.069 

∆FEV1/FVC -0.10 ± 0.06 -0.13 ± 0.03 -0.13 ± 0.09 0.676 

∆FEV1/FVC (%pr) -12.2 ± 7.2‡‡ -16.1 ± 3.4§ -14.8 ± 10.8# 0.555 

∆FEF50% (L/s) -1.64 ± 0.87‡‡ -1.53 ± 1.26* -1.24 ± 0.42* 0.797 

∆FEF50% (%pr)  -32.0 ± 21.1‡‡ -42.4 ± 35.2* -28.3 ± 9.37‡‡ 0.632 

∆FEF25-75% (L/s) -1.33 ± 0.76‡‡ -1.07 ± 0.70‡‡ -1.08 ± 0.31‡‡ 0.721 

∆FEF25-75% (%pr) -40.4 ± 19.4‡‡ -40.5 ± 25.2‡‡ -30.0 ± 10.4* 0.674 

∆FEF75% (L/s) -0.54 ± 0.38‡‡ -0.43 ± 0.31* -0.61 ± 0.36* 0.702 

∆FEF75% (%pr) -32.5 ± 23.5‡‡ -40.9 ± 31.3* -38.2 ± 26.5^ 0.834 

Lung Volumes     

∆TLC (L) 0.04 ± 0.16 -0.01 ± 0.06 -0.02 ± 0.05 0.575 

∆TLC (%pr) 0.8 ± 2.6 -0.2 ± 0.9 -0.3 ± 0.8 0.510 

∆RV (L) 0.64 ± 0.27§ 0.51 ± 0.22‡‡ 0.23 ± 0.22 0.044 

∆RV (%pr) 42.0 ± 15.8§ 26.3 ± 11.2‡‡ 14.7 ± 14.9 0.016 

∆RV/TLC 0.12 ± 0.04§ 0.09 ± 0.04‡‡ 0.04 ± 0.04 0.025 

∆RV/TLC (%pr) 35.8 ± 14.7§ 23.5 ± 10.5‡‡ 12.3 ± 11.6 0.023 

∆FRC (L) 0.59 ± 0.45‡‡ 0.56 ± 0.35‡‡ 0.29 ± 0.08 0.412 

∆FRC (%pr) 23.4 ± 19.6* 18.7 ± 11.1‡‡ 8.8 ± 1.1 0.296 

∆IC (L) -0.83 ± 0.88* -0.55 ± 0.38‡‡ -0.31 ± 0.09 0.398 

∆IC (%pr) -38.2 ± 41.7* -23.3 ± 15.8‡‡ -10.7 ± 1.5 0.309 

Resistance     

∆Raw (cmH2O/L/s) 4.14 ± 1.94‡‡ 2.71 ± 2.09* 3.95 ± 5.34 0.622 

∆Raw (%pr) 263.1 ± 129.6  185.8 ± 146.5 293.4 ± 395.3 0.673 

∆sRaw (cmH2O/L/s) 16.49 ± 11.19‡‡ 16.13 ± 8.47‡‡ 2.16 ± 5.26 0.049 

∆sRaw (%pr) 419.7 ± 294.7 404.8 ± 222.6 50.1 ± 131.1 0.056 

Closing Indices     

%ΔFVC/%ΔFEV1 0.74 ± 0.16 0.60 ± 0.15 0.11 ± 0.37 0.001 

  
0.37 ± 0.35 0.05 ± 0.23 -0.85 ± 0.65 0.000 

All values are Mean ± SD. CA = classic asthma; COUGH = methacholine-induced cough but normal 

airway sensitivity; CVA = cough variant asthma; 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; FRC = functional residual capacity; IC = inspiratory capacity; 

MCh = methacholine; Raw = airway resistance; RV = residual volume; RV/TLC = residual volume 

divided by total lung capacity; sRaw = specific airway resistance; TLC = total lung capacity. P-values 

are from ANOVA with Bonferroni correction. 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<0.001, compared to baseline using paired t-test. 

^p=0.063, compared to baseline using paired t-test 
#p=0.072, compared to baseline using paired t-test 
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Table 6. ANOVA results of spirometry and lung volume responses to high-dose methacholine 

challenge at MAX 

  A - C A - M M - C P-Value 

∆FEV1 (L)    0.494 

%∆FEV1    0.125 

∆FEV1 (%pr)    0.322 

∆FVC (L)    0.320 

%∆FVC  0.020  0.022 

∆FVC (%pr)  0.073  0.069 

∆FEV1/FVC    0.676 

∆FEV1/FVC (%pr)    0.555 

∆FEF50% (L/s)    0.797 

∆FEF50% (%pr)     0.632 

∆FEF25-75% (L/s)    0.721 

∆FEF25-75% (%pr)    0.674 

∆FEF75% (L/s)    0.702 

∆FEF75% (%pr)    0.834 

Lung Volumes     

∆TLC (L)    0.575 

∆TLC (%pr)    0.510 

∆RV (L)  0.042  0.044 

∆RV (%pr)  0.018  0.016 

∆RV/TLC  0.022  0.025 

∆RV/TLC (%pr)  0.024  0.023 

∆FRC (L)    0.412 

∆FRC (%pr)    0.296 

∆IC (L)    0.398 

∆IC (%pr)    0.309 

Resistance     

∆Raw (cmH2O/L/s)    0.622 

∆Raw (%pr)    0.673 

∆sRaw (cmH2O/L/s)  0.069 0.088 0.049 

∆sRaw (%pr)  0.076  0.056 

Closing Indices     

%ΔFVC/%ΔFEV1  0.001 0.007 0.001 

   

0.000 0.006 0.000 

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. CA = classic asthma; COUGH = methacholine-induced cough but normal airway sensitivity; 

CVA = cough variant asthma; 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; FRC = functional residual capacity; IC = inspiratory capacity; MCh = methacholine; Raw = 

airway resistance; RV = residual volume; RV/TLC = residual volume divided by total lung capacity; 

sRaw = specific airway resistance; TLC = total lung capacity 

A - C = CA group versus CVA group 

A - M = CA versus COUGH group 

M - C = COUGH group versus CVA group 
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Figure 5. Percent change in FEV1 from baseline for COUGH subjects at each administered dose of 

methacholine. FEV1= forced expired volume in one second.  
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Figure 6. Lung volume responses to methacholine challenge at MAX.  CA = classic asthma; COUGH = 

methacholine-induced cough but normal airway sensitivity; CVA = cough variant asthma; ERV = 

expiratory reserve volume; IC = inspiratory capacity; RV = residual volume; TLC = total lung capacity.
 

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

 

 

 

  

Figure 7. Mid-to-late flow responses to methacholine challenge at MAX.  Error bars represent SE. CA = 

classic asthma; COUGH = methacholine-induced cough but normal airway sensitivity; CVA = cough 

variant asthma. 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. P-values indicate the significance of variable changes from baseline.  
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Figure 8. Impulse oscillometry results at baseline and MAX.  Bars represent MEAN±SE.  CA = classic 

asthma; COUGH = methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma, R5 = total respiratory resistance; R5-R20 = peripheral respiratory resistance; R20 = central 

respiratory resistance; X5 = peripheral reactance. * = p<0.05 compared to baseline 
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compared to COUGH (Appendix J). In CA and CVA, all IOS parameters changed significantly 

from baseline to MAX, with the exception of R20. In COUGH, both fres and R5-R20 increased 

significantly from baseline to MAX (p=0.001, p=0.026, respectively), while all other parameters 

did not change significantly.  

Deep Inspiration Index 

Figure 9 and Figure 10 show examples of PEFV/MEFV at baseline and MAX, 

respectively, used to calculate the DI index. At PC20 in CA and CVA, and at the dose nearest to 

PC20 in COUGH, the bronchodilating effect was preserved as the values of the DI index were 

greater than 0 (0.88 ± 0.67, 0.33 ± 0.39, and 0.16 ± 0.46 in CA, CVA, and COUGH, 

respectively). The DI indices were not significantly different between the three groups at baseline 

(P-value from ANOVA = 0.613) or at the dose nearest to PC20 (P-value from ANOVA = 0.076). 

The DI index was not significantly different between CA, CVA and COUGH, at baseline (-0.08 ± 

0.28 (MEAN ± SD), -0.17 ± 0.33 and -0.23± 0.67, respectively). The change in the DI index 

from baseline to PC20 presented in Figure 11, was significant in CA (p=0.003), but not significant 

in CVA (p=0.051). The DI index in COUGH, calculated at the dose nearest to PC20, did not 

change significantly from baseline to the dose nearest to PC20 (p=0.110) (data not shown).   
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Figure 9. Representative partial and maximal expiratory flow-volume loops at baseline. CA = classic 

asthma; CVA = cough variant asthma; COUGH = methacholine-induced cough but normal airway 

sensitivity; FVC = forced vital capacity; MEF40 = expiratory flow at 40% of the forced vital capacity from 

maximal curve; PEF40 = expiratory flow at 40% of the forced vital capacity from the partial curve.   

 
 

Figure 10. Representative partial and maximal expiratory flow-volume loops at MAX. CA = classic 

asthma; CVA = cough variant asthma; COUGH = methacholine-induced cough but normal airway 

sensitivity; FVC = forced vital capacity; MEF40 = expiratory flow at 40% of the forced vital capacity from 

maximal curve; PEF40 = expiratory flow at 40% of the forced vital capacity from the partial curve.   
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Figure 11. Deep inspiration indices at baseline and PC20, in CA and CVA. Bars represent MEAN±SE. DI = 

deep inspiration; MEF40 = expiratory flow at 40% of the forced vital capacity from the full forced vital 

capacity maneuver, PC20= provocative concentration of methacholine resulting in a 20% decrease in FEV1; 

PEF40 = expiratory flow at 40% of the forced vital capacity from the partial curve. P-values calculated 

using paired-t-test.  
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Bronchoprotective Effect (Visits 2 and 3) 

Spirometry and lung volumes 

There were no significant differences in spirometry and lung volumes within groups at baseline 

between all three visits (Appendix K, Appendix L, and Appendix M). The percent changes in 

FEV1 and FVC after the single dose of MCh on the visit with five DIs did not differ significantly 

between groups, while the changes in FEF25-75% (L/s) and FEF75% (L/s and %pr) were significantly 

greater in CVA compared  to COUGH. No other parameters were significantly different between 

the groups when the single dose of MCh was preceded by five DIs (Appendix N and Appendix 

O).   

When the single dose of MCh was preceded by DI avoidance, the percent changes in 

FEV1 and FVC did not differ significantly between groups. There were significant differences 

between groups after DI avoidance in the changes of all mid-to-late flows (both L/s and %pr) 

between the CA group and the COUGH group, while the change in FEF25-75% (L/s) and FEF75% 

(L/s and %pr) were significantly greater in CVA compared  to COUGH (Appendix P, Appendix 

Q). There were no significant differences between CA and CVA in any of the variables. 

 The percent changes in FEV1 and FVC at both visits (with and without DIs) in all three 

groups are plotted in Figure 12. In CA, the bronchoprotective effect appears to be absent. The 

changes in spirometry and lung volumes in CA when the single dose of MCh was preceded by 

five DIs, and when preceded by DI avoidance are presented in Table 7. There were significant 

differences in the changes of all mid-to-late flows (both L/s and %pr), as well as the change in 

FEV1/FVC, and these values decreased significantly more during the visit with DIs. In CVA 

(Table 8) and COUGH (Table 9) we did not detect a preserved bronchoprotective effect as there 

were no significant differences in the changes in spirometry and lung volumes when the single 

dose of MCh was preceded by five DIs compared to when the single dose of MCh was preceded 

by DI avoidance.  
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Figure 12. Percent changes in FEV1 (left) and FVC (right) following administration of single-dose MCh at 

visits with DIs or without DIs. Bars represent MEAN±SE. CA= classic asthma; CVA= cough variant 

asthma; COUGH = methacholine-induced cough but normal airway sensitivity; DI = deep inspiration; 

FEV1 = forced expiratory volume in one second; FVC = forced vital capacity.  
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Table 7. Spirometry and lung volume responses to single-dose methacholine in classic asthma 

with and without deep inspirations (visits 2 and 3) 

  With 5 DIs DI Avoidance P-value 

  (n=8) (n=8)  

∆FEV1 (L) -0.60 ± 0.22§ -0.51 ± 0.44* 0.612 

%∆FEV1 -22.1 ± 10.3 -20.5 ± 16.2 0.781 

∆FEV1 (%pr) -19.5 ± 8.7§ -17.7 ± 14.2* 0.719 

∆FVC (L) -0.58 ± 0.30§ -0.52 ± 0.60* 0.821 

%∆FVC -16.6 ± 9.8 -17.1 ± 17.6 0.937 

∆FVC (%pr) -16.6 ± 11.0§ -16.6 ± 17.4* 0.992 

∆FEV1/FVC -0.05 ± 0.04 -0.01 ± 0.07 0.037 

∆FEV1/FVC (%pr) -6.0 ± 4.5§ -1.7 ± 8.1 0.038 

∆FEF50% (L/s) -0.88 ± 0.50§ -0.55 ± 0.60* 0.045 

∆FEF50% (%pr)  -20.6 ± 11.3§ -13.0 ± 13.8* 0.041 

∆FEF25-75% (L/s) -0.74 ± 0.22§ -0.32 ± 0.46 0.033 

∆FEF25-75% (%pr) -22.9 ± 6.9§ -10.3 ± 13.8 0.024 

∆FEF75% (L/s) -0.28 ± 0.22§ -0.06 ± 0.24 0.030 

∆FEF75% (%pr) -16.3 ± 11.1§ -2.8 ± 13.6 0.024 

Lung Volumes    

∆TLC (L) -0.12 ± 0.43 -0.05 ± 0.13 0.700 

∆TLC (%pr) -1.3 ± 5.9 -0.8 ± 2.2 0.848 

∆RV (L) 0.36 ± 0.25§ 0.46 ± 0.56 0.569 

∆RV (%pr) 23.9 ± 16.9§ 32.5 ± 40.2 0.505 

∆RV/TLC 0.08 ± 0.06§ 0.10 ± 0.13 0.532 

∆RV/TLC (%pr) 22.9 ± 17.3§ 31.0 ± 40.0 0.530 

∆FRC (L) 0.33 ± 0.41 0.34 ± 0.41 0.897 

∆FRC (%pr) 14.4 ± 16.5* 15.0 ± 17.6* 0.837 

∆IC (L) -0.46 ± 0.39§ -0.38 ± 0.39* 0.665 

∆IC (%pr) -21.3 ± 21.5* -19.6 ± 20.2* 0.783 

Resistance    

∆Raw (cmH2O/L/s) 2.75 ± 2.16§ 2.08 ± 1.81* 0.357 

∆Raw (%pr) 168.9 ± 129.3§ 127.8 ± 112.3* 0.385 

∆sRaw (cmH2O/L/s) 10.62 ± 9.46* 7.86 ± 7.47* 0.279 

∆sRaw (%pr) 272.7 ± 242.1* 202.7 ± 192.7* 0.285 

Closing Indices    

%ΔFVC/%ΔFEV1 0.72 ± 0.23 0.81 ± 0.36 0.553 

 

0.39 ± 0.47 0.82 ± 0.58 0.076 

All values are Mean ± SD. DI = deep inspiration; 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; FRC = functional residual capacity; IC = 

inspiratory capacity; MCh = methacholine; Raw = airway resistance; RV = residual volume; 

RV/TLC = residual volume divided by total lung capacity; sRaw = specific airway resistance; TLC 

= total lung capacity. P-value from within group comparison using paired t-tests.  

*p<0.05, compared to baseline using paired t-test 
§
p<0.01, compared to baseline using paired t-test 
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Table 8. Spirometry and lung volumes responses to single-dose methacholine in cough variant 

asthma with and without deep inspirations (visits 2 and 3) 

  With 5 DIs DI Avoidance P-value 

  (n=7) (n=7)   

∆FEV1 (L) -0.30 ±0.27* -0.51 ± 0.13§ 0.127 

%∆FEV1 -12.6 ± 10.7 -20.0 ± 4.9 0.128 

∆FEV1 (%pr) -9.7 ± 7.7 * -16.7 ± 6.2§ 0.103 

∆FVC (L) -0.22 ± 0.20* -0.46 ± 0.17§ 0.117 

%∆FVC -6.7 ± 5.6 -13.5 ± 5.6 0.081 

∆FVC (%pr) -6.1 ± 4.8* -12.8 ± 4.8§ 0.075 

∆FEV1/FVC -0.05 ± 0.04 -0.05 ± 0.05 0.788 

∆FEV1/FVC (%pr) -6.1 ± 5.3* -7.3 ± 7.4* 0.802 

∆FEF50% (L/s) -0.74 ± 0.59* -0.95 ± 0.46§ 0.425 

∆FEF50% (%pr)  -22.1 ± 17.8* -27.4 ± 13.8§ 0.480 

∆FEF25-75% (L/s) -0.45 ± 0.39* -0.61 ± 0.35§ 0.361 

∆FEF25-75% (%pr) -18.0 ± 14.6* -23.3 ± 13.7§ 0.435 

∆FEF75% (L/s) -0.12 ± 0.16 -0.19 ± 0.18* 0.301 

∆FEF75% (%pr) -10.8 ± 13.7 -16.7 ± 17.3* 0.340 

Lung Volumes    

∆TLC (L) -0.02 ± 0.05 -0.00 ± 0.05 0.516 

∆TLC (%pr) -0.4 ± 0.8 0.0 ± 0.8 0.363 

∆RV (L) 0.28 ± 0.14* 0.26 ± 0.32 0.862 

∆RV (%pr) 13.9 ± 5.1* 12.6 ± 13.2* 0.738 

∆RV/TLC 0.05 ± 0.01§ 0.04 ± 0.04* 0.612 

∆RV/TLC (%pr) 12.3 ± 3.6§ 10.7 ± 10.4* 0.594 

∆FRC (L) 0.29 ± 0.32 0.42 ± 0.42* 0.375 

∆FRC (%pr) 9.8 ± 9.8* 13.0 ± 10.4* 0.468 

∆IC (L) -0.31 ± 0.34 -0.40 ± 0.42* 0.599 

∆IC (%pr) -14.0 ± 12.7* -15.0 ± 11.2* 0.869 

Resistance    

∆Raw (cmH2O/L/s) 1.85 ± 1.6* 1.98 ± 1.79* 0.769 

∆Raw (%pr) 125.7 ± 105.5* 135.4 ± 122.1* 0.716 

∆sRaw (cmH2O/L/s) 8.56 ± 3.40§ 7.86 ± 6.50* 0.708 

∆sRaw (%pr) 215.5 ± 91.8§ 194.6 ± 163.2* 0.658 

Closing Indices    

%ΔFVC/%ΔFEV1 0.49 ± 0.13 0.69 ± 0.31 0.133 

 

-0.03 ± 0.25 0.35 ± 0.68 0.166 

All values are Mean ± SD. DI = deep inspiration; 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; FRC = functional residual capacity; IC = 

inspiratory capacity; MCh = methacholine; Raw = airway resistance; RV = residual volume; 

RV/TLC = residual volume divided by total lung capacity; sRaw = specific airway resistance; TLC 

= total lung capacity. P-value from within group comparison using paired t-tests. 

*p<0.05, compared to baseline using paired t-test 
§
p<0.01, compared to baseline using paired t-test 
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Table 9. Spirometry and lung volumes responses to single-dose methacholine in subjects with 

methacholine-induced cough but normal airway sensitivity with and without deep inspirations 

(visits 2 and 3) 

  With 5 DIs DI Avoidance P-value 

  (n=7) (n=7)   

∆FEV1 (L) -0.72 ± 0.51 -0.88 ± 0.65 0.234 

%∆FEV1 -20.0 ± 16.4 -24.1 ± 18.6 0.253 

∆FEV1 (%pr) -20.9 ± 14.2 -25.5 ± 18.2 0.246 

∆FVC (L) -0.58 ± 0.71 -0.73 ± 0.94 0.370 

%∆FVC -13.8 ± 17.3 -16.8 ± 21.5 0.401 

∆FVC (%pr) -14.5 ± 17.5 -17.9 ± 23.2 0.410 

∆FEV1/FVC -0.05 ± 0.04 -0.04 ± 0.06 0.479 

∆FEV1/FVC (%pr) -6.0 ± 3.8 -8.0 ± 2.7* 0.473 

∆FEF50% (L/s) -1.20 ± 0.68* -1.53 ± 0.47§ 0.264 

∆FEF50% (%pr)  -27.2 ± 14.8* -36.1 ± 12.9* 0.246 

∆FEF25-75% (L/s) -1.24 ± 0.42* -1.40 ± 0.45§ 0.139 

∆FEF25-75% (%pr) -31.4 ± 12.2* -39.6 ± 15.2* 0.128 

∆FEF75% (L/s) -0.61 ± 0.24* -0.77 ± 0.31* 0.064 

∆FEF75% (%pr) -36.8 ± 15.3* -47.1 ± 19.1* 0.062 

Lung Volumes    

∆TLC (L) -0.04 ± 0.04 -0.06 ± 0.04 0.500 

∆TLC (%pr) -0.7 ± 0.7 -1.0 ± 0.8 0.494 

∆RV (L) 0.02 ± 0.23 0.20 ± 0.34 0.069 

∆RV (%pr) 2.5 ± 14.2 13.8 ± 22.5 0.090 

∆RV/TLC 0.01 ± 0.04 0.04 ± 0.06 0.074 

∆RV/TLC (%pr) 2.6 ± 12.0 12.0 ± 18.4 0.076 

∆FRC (L) 0.06 ± 0.40 0.24 ± 0.43 0.107 

∆FRC (%pr) 0.6 ± 11.6 8.2 ± 15.1 0.106 

∆IC (L) -0.02 ± 0.44 -0.32 ± 0.45 0.075 

∆IC (%pr) -1.26 ± 13.8 -12.4 ± 17.3 0.062 

Resistance    

∆Raw (cmH2O/L/s) 1.68 ± 1.91 1.30 ± 1.14 0.412 

∆Raw (%pr) 120.3 ± 124.8 92.4 ± 72.6 0.382 

∆sRaw (cmH2O/L/s) 5.83 ± 6.22 6.00 ± 4.49 0.864 

∆sRaw (%pr) 148.7 ± 164.0 153.3 ± 118.9 0.861 

Closing Indices    

%ΔFVC/%ΔFEV1 0.56 ± 0.33 0.53 ± 0.31 0.707 

 

0.15 ± 0.67 0.03 ± 0.60 0.646 

All values are Mean ± SD. DI = deep inspiration; 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; FRC = functional residual capacity; IC = 

inspiratory capacity; MCh = methacholine; Raw = airway resistance; RV = residual volume; 

RV/TLC = residual volume divided by total lung capacity; sRaw = specific airway resistance; TLC 

= total lung capacity. P-value from within group comparison using paired t-tests. 

*p<0.05, compared to baseline using paired t-test 
§
p<0.01, compared to baseline using paired t-test 
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Impulse oscillometry responses  

There were no significant differences in IOS values within groups at baseline for all three 

visits (Appendix R, Appendix S, and Appendix T). IOS values did not indicate significant 

bronchoprotection in any of the three groups. In CA, all IOS parameters except for R20 changed 

significantly when the single dose of MCh was preceded by five DIs or preceded by DI 

avoidance. In CVA, when the single dose of MCh was preceded by five DIs, R5, R5-R20 and fres 

changed significantly, whereas when the single dose of MCh was preceded by DI avoidance, all 

IOS parameters changed significantly except for R20. In the COUGH group, both R5 and R20 

changed significantly when the single dose of MCh was preceded by DIs, whereas when the 

single dose of MCh was preceded by DI avoidance, R5 and fres changed significantly. There were 

no significant differences in any of the IOS parameters between groups when the single dose of 

MCh was preceded by five DIs (Appendix U), or when the single dose of MCh was preceded by 

DI avoidance (Appendix V).  

 There was no significant difference in the change in IOS parameters when subjects with 

CA, CVA and COUGH avoided or took DIs before the single-dose of MCh (Table 10, Table 11, 

and Table 12). Furthermore, there were no significant differences in the absolute IOS values 

when the single dose of MCh was preceded by five DIs or preceded by DI avoidance. Absolute 

IOS values after the single dose of MCh on both visits are plotted in Figure 13 (R5 and R20) and 

Figure 14 (R5-R20 and X5).   
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Table 10. Impulse oscillometry responses to single-dose methacholine in subjects with classic 

asthma with and without deep inspirations (visits 2 and 3) 

 With 5 DIs DI Avoidance P-value 

 (n=8) (n=8)  

∆R5 (cmH2O/L/s) 1.57 ± 1.53 2.07 ± 1.69 0.365 

∆R20 (cmH2O/L/s) 0.18 ± 0.46 0.01 ± 0.52 0.396 

∆R5-R20 (cmH2O/L/s) 1.39 ± 1.37 2.09 ± 1.68 0.198 

∆X5 (cmH2O/L/s) -2.40 ± 2.77 -3.07 ± 3.56 0.481 

∆AX (cmH2O/L) 20.30 ± 21.80 20.04 ± 28.60 0.986 

∆fres (Hz) 7.78 ± 6.43 10.74 ± 11.30 0.355 

MEAN±SD.  Δ= change from baseline to post single dose of 

methacholine; AX = reactance area; DI = deep inspiration; fres = resonant 

frequency; R5 = total respiratory resistance; R5-R20 = peripheral 

respiratory resistance; R20 = central respiratory resistance; X5 = 

peripheral reactance. P-values from paired t-tests comparing visits with 5 

DI or with DI avoidance.  

 

Table 11. Impulse oscillometry responses to single-dose methacholine in subjects with cough 

variant asthma with and without deep inspirations (visits 2 and 3) 

 With 5 DIs DI Avoidance P-value 

 (n=7) (n=7)  

∆R5 (cmH2O/L/s) 1.82 ± 1.36 2.26 ± 1.76 0.320 

∆R20 (cmH2O/L/s) 0.41 ± 0.77 0.56 ± 0.80 0.114 

∆R5-R20 (cmH2O/L/s) 1.52 ± 1.35 1.62 ± 1.60 0.761 

∆X5 (cmH2O/L/s) -2.05 ± 2.69 -1.76 ± 1.67 0.662 

∆AX (cmH2O/L) 21.00 ± 27.50 20.60 ± 19.78 0.942 

∆fres (Hz) 8.46 ± 6.05 9.51 ± 7.93 0.583 

MEAN±SD. Δ= change from baseline to post single dose of methacholine 

AX = reactance area; DI = deep inspiration; fres = resonant frequency; R5 = 

total respiratory resistance; R5-R20 = peripheral respiratory resistance; 

R20 = central respiratory resistance; X5 = peripheral reactance. P-values 

from paired t-tests comparing visits with 5 DI or with DI avoidance.  

 

Table 12. Impulse oscillometry responses to single-dose methacholine in subjects with 

methacholine-induced cough but normal airway sensitivity, during visits with and without deep 

inspirations (visits 2 and 3) 

 With 5 DIs DI Avoidance P-value 

 (n=4) (n=4)  

∆R5 (cmH2O/L/s) 1.77 ± 0.94 1.57 ± 0.95 0.568 

∆R20 (cmH2O/L/s) 0.72 ± 0.15 0.33 ± 0.50 0.160 

∆R5-R20 (cmH2O/L/s) 1.05 ± 1.09 1.24 ± 1.12 0.220 

∆X5 (cmH2O/L/s) -1.81 ± 2.70 -1.61 ± 2.08 0.610 

∆AX (cmH2O/L) 17.20 ± 27.80 13.96 ± 16.55 0.626 

∆fres (Hz) 7.16 ± 9.39 7.27 ± 4.93 0.969 

MEAN±SD. Δ= change from baseline to post single dose of methacholine 

AX = reactance area; DI = deep inspiration; fres = resonant frequency; R5 

= total respiratory resistance; R5-R20 = peripheral respiratory resistance; 

R20 = central respiratory resistance; X5 = peripheral reactance. P-values 

from paired t-tests comparing visits with 5 DI or with DI avoidance.  
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Figure 13. R5 (left) and R20 (right) values after a single-dose of MCh in all groups on visits with and 

without DIs. Bars represent MEAN±SE. CA = classic asthma, COUGH = methacholine-induced cough but 

normal airway sensitivity; CVA = cough variant asthma; DI = deep inspiration; R5 = total respiratory 

resistance; R20 = central respiratory resistance   
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Figure 14. R5-R20 (left) and X5 (right) values after a single-dose of MCh in all groups on visits with and 

without DIs. Bars represent MEAN±SE. CA = classic asthma, COUGH = methacholine-induced cough and 

normal airway sensitivity; CVA = cough variant asthma; DI = deep inspiration; R5-R20 = peripheral 

respiratory resistance; R20 = central respiratory resistance; X5 = peripheral reactance   
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Breathlessness 

The changes in Borg scores for the intensity of breathlessness (overall (BORG Overall), 

inspiratory difficulty (Borg IN), and expiratory difficulty (Borg OUT)), after single-dose MCh 

challenge testing preceded by five DIs or by DI avoidance are presented in Table 13 and Table 

14. The intensity of breathlessness did not change significantly in COUGH after single-dose MCh 

either with DIs or with DI avoidance. In CA, all three breathlessness scores increased 

significantly on both the visits with and without DIs. In CVA, the increase in breathlessness on 

the visit with DIs was not statistically significant, while during the visit with DI avoidance, 

breathlessness scores increased significantly in CVA. Within all three groups, the changes in 

breathlessness scores were not significantly different between the DI visit and the visit with DI 

avoidance. Furthermore, there were no differences in breathlessness scores between groups when 

MCh was preceded by DIs (Table 13) or when preceded by DI avoidance (Table 14). 

Deep Inspiration Index 

At baseline of visit 2 and visit 3, the DI index in CA was significantly greater than the DI 

index in CVA, but not different from COUGH. Figure 15 illustrates the changes in the DI indices 

from baseline and after a single dose of MCh, on visits with and without DIs in all three groups. 

In CA, the DI index did not change significantly from baseline after a single dose of MCh on 

either visit, whereas in both CVA and COUGH, the ratio increased significantly during both 

visits. All groups were able to bronchodilate at both visits as the mean values for the DI indices 

were greater than 0. At visits with and without DIs, the DI indices did not differ significantly 

between groups (DI P-value from ANOVA=0.704, No DI P-value from ANOVA=0.263), or 

within groups (CA P-value from paired t-test=0.324, CVA P-value from paired t-test=0.090, 

COUGH P-value from paired t-test=0.621).  
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Table 13. Change in breathlessness scores after single-dose methacholine challenge testing with 

five deep inspirations (visit 2 or 3) 

  

CA 

(n=8) 
CVA 

(n=7) 
COUGH 

(n=4) 
P-value 

Δ Borg IN 0.6 ± 0.6* 1.2 ± 1.6 1.0 ± 1.4 0.648 

Δ Borg OUT 0.4 ± 0.3* 1.1 ± 1.4 1.3 ± 1.8 0.415 

Δ Borg OVERALL 0.6 ± 0.2* 1.1 ± 1.4 1.0 ± 1.4 0.606 

All values Mean ± SD. Δ= change from baseline to post single dose of methacholine; 

Borg IN = difficulty breathing in; Borg OUT = difficulty breathing out; Borg 

OVERALL = overall difficulty breathing; CA = classic asthma; COUGH = 

methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma. P-value from ANOVA with Bonferroni correction. *p<0.05 compared to 

baseline using paired t-test 

 

 

 

 

Table 14. Change in breathlessness scores after single-dose methacholine challenge testing with 

deep inspiration avoidance (visit 2 or 3) 

  

CA 

(n=8) 
CVA 

(n=7) 
COUGH 

(n=4) 
P-value 

Δ Borg IN 0.8 ± 1.0* 0.8 ± 0.4* 1.9 ± 1.7 0.186 

Δ Borg OUT 0.7 ± 0.7* 1.2 ± 0.8* 2.0 ± 2.1 0.195 

Δ Borg OVERALL 0.7 ± 0.7* 0.8 ± 0.4* 2.1 ± 2.1 0.085 

All values Mean ± SD. Δ= change from baseline to post single dose of methacholine; 

Borg IN = difficulty breathing in; Borg OUT = difficulty breathing out; Borg 

OVERALL = overall difficulty breathing; CA = classic asthma; COUGH = 

methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma. P-value from ANOVA with Bonferroni correction. *p<0.05 compared to 

baseline using paired t-test 
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Figure 15. Deep inspiration index at baseline and after a single dose of methacholine (Post MCh), on visits 

with and without deep inspirations in A) classic asthma, B) cough variant asthma C) methacholine-induced 

cough but normal airway sensitivity. Bars represent MEAN±SE. P-values calculated using paired-t-tests. 

CA = classic asthma; CVA = cough variant asthma; DI = deep inspiration; MCh = methacholine; MEF40 = 

expiratory flow at 40% of the forced vital capacity from the full forced vital capacity maneuver; PEF40 = 

expiratory flow at 40% of the forced vital capacity from the partial curve. 
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Chapter 4 

Discussion 

To our knowledge, this is the first study to compare the bronchodilating and 

bronchoprotective effects of DIs in individuals with: (i) CA; (ii) CVA and (iii) COUGH.  Our 

findings suggest preservation of the bronchodilating effect of DIs in CA, CVA and COUGH, 

whereas there was no significant bronchoprotection in any of the groups. DIs appeared to increase 

responsiveness to single-dose MCh in CA (Table 7). Spirometry and lung volume responses to 

high-dose MCh bronchoprovocation revealed greater gas trapping as indicated by percent change 

in FVC, and greater change in RV (L, and % predicted), RV/TLC (%, and %predicted) in CA 

compared with COUGH (Table 5). Induced changes in other spirometry and lung volume 

measurements reflected a non-significant continuum between the three groups. AW closure was 

significantly less in COUGH compared with both CA and CVA. Impulse oscillometry values also 

reflected a non-significant continuum of response severity amongst the three groups, with CA 

demonstrating the greatest resistance and COUGH the least in response to high-dose MCh. 

Increases in total resistance were primarily attributable to increases in peripheral resistance, as 

central resistance did not increase significantly from baseline in any of the groups. Individuals 

with CA and CVA had more airway closure than individuals with COUGH. Individuals with CA 

coughed less in response to high-dose MCh than individuals with CVA and COUGH. The percent 

decreases in FEV1 and FVC did not differ significantly when single-dose MCh was preceded by 

five DIs or by DI avoidance in all three groups. In CA, when the single dose of MCh was 

preceded by five DIs, the mid-to late flows, and FEV1/FVC ratio were significantly less. There 

were no significant differences in spirometry, lung volume or impulse oscillometry between the 

visits with and without DIs in the CVA and COUGH groups, however there was a trend for DI 

bronchoprotection in the change in spirometry values in both groups, and lung volume changes in 
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the COUGH group. In both CA and CVA, there was a trend indicating less AW closure when 

MCh was preceded by five DIs. There were no significant differences in IOS parameters when 

MCh was preceded by DIs or DI avoidance. Dyspnea in all three groups was not significantly 

different when MCh was preceded by DIs or DI avoidance.  

General Findings 

During high-dose MCh challenge, FEV1 and FVC declined significantly compared to 

baseline in CA (36% and 27%, respectively) and CVA (33% and 20%, respectively) Individuals 

with COUGH had FEV1 and FVC declines of approximately 20% and 8% in the predicted values 

from baseline, respectively. This may represent preservation of the bronchoprotective effect of 

DIs in individuals with COUGH, as these changes are comparable to those of healthy subjects in 

a study by Gibbons et al. (1996). That study reported declines in FEV1 and FVC of 18.1% and 

6.2%, respectively, after inhalation of 256 mg/mL of MCh in 16 healthy subjects who had less 

than 12% declines in FVC from baseline. Healthy individuals display the bronchoprotective 

effect of a DI (Malmberg et al., 1993a), which limits MCh-induced bronchoconstriction. Similar 

responses of FEV1 and FVC in subjects with COUGH and in healthy subjects as in the study by 

Gibbons et al. (1996) suggest the COUGH group retains the same protective mechanisms of DIs 

as healthy subjects during bronchoprovocation. Although not statistically significant, the mean 

number of coughs in response to high-dose MCh in the COUGH and CVA groups was greater 

than that in CA. MCh-induced cough is associated with the bronchodilating effect of a DI in 

healthy subjects without asthma (Ohkura et al., 2009). Coughing in response to MCh in 

individuals with COUGH and CVA may bronchodilate the airways and reduce the MCh-induced 

bronchoconstriction because a DI usually precedes a cough. Furthermore, since the subjects 

performed PEFV/MEFV maneuvers at each dose of MCh, and the bronchoprotective effect of DIs 

has been shown to last for durations of 10 minutes (Crimi et al., 2002), it is possible that the DIs 

required during the MEFV maneuvers protected the airways of these subjects from subsequent 
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doses . If the bronchoprotective effect is preserved in CVA, this could explain why the mean PC20 

dose of MCh was greater in CVA than in CA (and there was a trend for the MAX dose to be 

greater in CVA than in CA). Nevertheless, it has been shown that an exhalation to RV abolishes 

the bronchoprotective effect (Chapman et al., 2009). Since the MEFV maneuver involves 

exhalation to RV, any bronchoprotection from the DI likely was abolished. At MAX, IOS values 

reflected a non-significant continuum of response severity amongst the three groups, with CA 

demonstrating the greatest resistance and COUGH the least. Increases in R5 were primarily 

attributable to increases in the peripheral resistance (R5-R20), since R20 did not increase 

significantly from baseline in all three groups. However it is important to note that the specific 

level of the tracheo-bronchial tree cannot be definitively established using R20, thus the 

distinction between peripheral and central airways is arbitrary (Segal et al., 2011). Nevertheless, 

these findings support the notion that there may be some defect in the peripheral airways that 

distinguishes these related conditions.  

Bronchodilation 

The value of the DI Index was greater than zero at the dose nearest to PC20 in all three 

groups, which indicates that the bronchodilating effect of a DI was preserved in the individuals in 

our study. In CVA, one subject who bronchodilated in response to a DI at baseline experienced 

bronchoconstriction after a DI at PC20 (Figure 11).This subject had not been previously diagnosed 

with CVA and was not taking ICSs at the time of the study. Since this subject was not treated it is 

possible that her basal airway tone was greater than normal due to uncontrolled inflammation, 

although this was not reflected in baseline Raw values compared to the rest of the group. 

Nevertheless, the response to DIs is related to the amount of “spontaneous” obstruction (Lim et 

al., 1989), such that individuals with greater obstruction at baseline can bronchodilate (Pellegrino 

et al., 1990) . Furthermore, with increasing degrees of induced bronchoconstriction, the ability of 

a DI to bronchodilate the airways is less (Scichilone et al., 2000). Therefore, it is possible that in 



 

64 

 

this subject, the additional MCh-induced bronchoconstriction prevented DI-induced 

bronchodilation that was preserved prior to MCh administration.  

Even in individuals with asthma, there is a large variability in DI-induced 

bronchodilation, which appears to be dependent on the severity of disease (Scichilone et al., 

2007). Using AHR to MCh to quantify disease severity, the majority of the subjects with CA in 

our study (7/8) had mild-to-moderate asthma, and the subjects with CVA had borderline-to-mild 

asthma. It is possible that subjects with more severe asthma do not bronchodilate after DIs. 

Preservation of the bronchodilating effect in the three groups studied was confirmed during the 

visits with single-dose MCh challenge, as the DI Index was positive all groups, with and without 

DIs. The DI index values did not differ significantly between the three groups after the single 

dose of MCh on either visit, which indicates that both groups were similarly able to increase 

MEF40 relative to PEF40. Thus, the bronchodilating effect of a DI was not impaired in any one 

group compared to the others. The DI Index in CA was greater than that of CVA at baseline 

during visits 2 and 3. This may represent increased AW tone in CA compared to CVA at baseline 

although neither Raw nor percent predicted FEV1 were significantly different between the two 

groups. There were no significant differences within each group in the DI Index at visits with DIs 

or DI Avoidance. Thus, it does not appear that the five DIs taken before the administration of 

MCh influenced the ability to bronchodilate from a subsequent DI after the administration of 

MCh. The fact that, at PC20 during the high-dose MCh on visit 1, the DI index increased from 

baseline in CA, but not during visit 2 or 3 following single doses of MCh is challenging to 

interpret. Lung-volume history (i.e. repeated DIs) inherent to a multiple-dose MCh challenge may 

influence the ability of an individual to bronchodilate the airways. During visit 1, subjects 

performed PEFV/MEFV maneuvers after each dose of MCh, whereas on visits 2 and 3 the 

PEFV/MEFV maneuver was performed only once. Because the bronchodilating effect of a DI 

lasts approximately 1-2 minutes (Nadel & Tierney, 1961), and the MEFV/PEFV maneuvers were 
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performed every 4-5 minutes after the previous maneuver, it is not likely that any bronchodilation 

from a DI during the MEFV maneuver would affect a subject’s ability to subsequently 

bronchodilate. Nevertheless, since the bronchoprotective effect is thought to last as long as 10 

minutes (Crimi et al., 2002),  it is possible that the repeated DIs at every dose of the MCh 

challenge could have protected the airways, and enhanced the ability of the airways to 

subsequently dilate. Alternatively, the significant change from baseline at visit 1 in the DI index 

in the CA group may relate to the lower baseline value at that time. 

Bronchoprotection 

The outcomes used to examine the bronchoprotective effect, the percent changes in FEV1 

and FVC, were not significantly different when single-dose MCh was preceded by five DIs or by 

DI avoidance in all three groups, which suggests that the bronchoprotective effect is not 

preserved in CA, CVA and COUGH. In fact, in CA when single-dose MCh was preceded by DIs, 

there was a significantly greater decline in the mid-to late flows, and the FEV1/FVC ratio. In the 

CVA group, DIs appear to confer some bronchoprotection but the differences in spirometry and 

lung volume values between visits with and without DIs were not significant (Table 8). 

Nevertheless, in CVA, MCh decreased FEV1 by approximately 13% when preceded by DIs 

compared to a decline of approximately 20% when preceded by DI avoidance. FVC followed a 

similar trend and decreased by about 7% with DIs and by 14 % with DI avoidance. Although not 

statistically significant, all mid-to-late flows were lower in CVA during the visit with DIs 

compared to the visit with DI avoidance. The large standard deviations in these values indicate 

that a larger sample size will be needed to determine if these differences are statistically 

significant. As in the CVA group, there were no significant differences between the visits with 

and without DIs in the COUGH group (Table 9). Despite having few subjects (n=4) there was a 

trend in the values that may signal a preservation of bronchoprotection in these individuals; 
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however, the large standard deviations indicate that the sample size is inadequate to have the 

power to detect any significant differences.  

 It has been recognized that not all individuals with AHR lack bronchoprotection, but that 

there is a wide distribution of bronchoprotective ability (Kapsali et al., 2000). Some individuals 

with mild asthma and mild AHR, demonstrate DI-induced bronchoprotection (Scichilone et al., 

2001), but in others DIs can induce bronchoconstriction (Gayrard et al., 1975). This 

bronchoconstrictive effect of DIs is thought to be attributed to a vagal bronchoconstrictor reflex, 

as it was abolished or reduced in most individual by inhalation of an anticholinergic drug. In our 

subjects with CA, DI s appeared to increase the bronchoconstrictive effect of MCh.  

Airway Closure 

At MAX of the high-dose MCh challenge during visit 1, individuals with COUGH had 

significantly less airway closure than the other two groups. This may be because individuals with 

COUGH did not bronchoconstrict enough to induce airway closure; however, these individuals 

demonstrated significant declines in their mid-to-late flows at MAX (Figure 7), which was 

comparable in magnitude to those in CA and CVA. Thus, it is possible that there is some 

functional difference in the peripheral airways (perhaps a consequence of airway remodeling), 

which permits airways to close more readily in individuals with asthma. Although it was not 

statistically significantly different from CA, the closing profile (based on the closing indices) of 

those with CVA appear to be a mixture of airway narrowing and closure, whereas in CA airway 

closure predominates (Table 5)  

The greater closure in CA compared to CVA despite a comparable decline in FEV1 at 

MAX may reflect a fundamental difference in the small airways which distinguishes CA from 

CVA. When airway closure was compared within groups at visits with and without DIs, there 

were no significant differences. Nevertheless, in CVA there was a trend toward less airway 
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closure when MCh was preceded by DIs, which could potentially be a signal that 

bronchoprotection after DI is preserved in CVA.  

Dyspnea 

While the ultimate goal of this research was to elucidate pathophysiologic mechanisms of 

cough in asthma and related conditions, dyspnea is one of the other main symptoms of asthma. 

Although individuals with CVA report cough to be their only or predominant symptom, it is 

possible that these individuals are ‘poor perceivers’ of their other asthma symptoms at a 

comparable level of bronchoconstriction. High-dose MCh challenge reliably simulates the 

intensity and quality of dyspnea of spontaneous asthma (Lougheed et al., 1993), and dynamic 

hyperinflation is an important determinant of the intensity of dyspnea during MCh 

bronchoprovocation (Lougheed et al., 1993; Lougheed et al., 1995). In the current study, dyspnea 

did not differ within any of the three groups when single-dose MCh was preceded by DIs or by 

DI avoidance. Interestingly, during visits 2 and 3, the decline in FEV1 was approximately 20%, 

but the magnitude of the breathlessness scores (data not shown),  is less than that which has been 

reported previously in 116 subjects with asthma, where at PC20 the mean breathlessness scores 

were approximately 2 (for overall dyspnea and inspiratory difficulty) (Lougheed et al., 2006). In 

that study, subjects’ IC decreased by approximately 0.6 L at PC20, whereas in our subjects the 

decrease in IC was less. This may be because during a single-dose MCh challenge there is 

insufficient time for subjects to develop dynamic hyperinflation, and consequently they may 

experience less intense dyspnea than at a comparable level of bronchoconstriction induced during 

a high-dose MCh challenge. 

Accordingly, the lack of significant differences in induced dyspnea between the visits 

with and without DIs is not surprising given the comparable changes in IC. Interestingly, in CVA, 

subjects had a significantly higher breathlessness scores before and after single-dose MCh only 

when it was preceded by DI avoidance (Table 14). This aligns with the changes observed in 
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FEV1, mid-to-late flows, and IC (Table 8), which trended toward greater decreases when the 

single dose of MCh was preceded by DI avoidance (although these were not significant). 

However, since the study was not blinded, it is possible that the subjects believed that taking DIs 

prior to MCh would not cause them to experience as severe symptoms compared to if they had 

not taken DIs.  

Impulse Oscillometry 

A major strength of this study is that we examined airway responses to single-dose MCh 

preceded by both DI and DI avoidance with IOS, which does not required DIs. Although the IOS 

values were not different between visits with and without DIs in any of the three groups, the large 

standard deviations suggest that greater sample sizes will be required to definitively confirm or 

refute statistically significant differences.  Furthermore, we have directly assessed the effects of 

maneuvers performed as part of our protocol on IOS values. In our subjects, we were able to 

demonstrate that 10 minutes of DI avoidance, MEFV/PEFV maneuvers, and plethysmography do 

not affect IOS measurements. Therefore, it is likely that changes in IOS values likely represent 

the effects of MCh on the airways and not artefact from a preceding maneuver (such as 

plethysmography, or DI avoidance). However, we acknowledge the potential for a Type II error 

(Freiman et al., 1978) related to small sample size, and therefore the need to verify these 

observations on a larger sample. 

Limitations 

The main limitation of this study was the small sample size, particularly in the COUGH 

group. The sample size achieved was less than that required according to our power estimate 

(n=36, 12 per group). It is possible that differences between the three groups may exist and we 

risk a Type II error (Freiman et al., 1978) if we conclude that responses to DIs were comparable 

in our groups. Consequently, this limits interpretation of non-significant differences between 

groups, and interpretation of the reported mean responses of individuals with COUGH, a group of 
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only four subjects. Since comparisons were made between few subjects, this should be taken into 

consideration when interpreting the data. Furthermore, the minimal clinically importance 

difference in IOS values (R5, R20, R5-R20) is not known, so although there may have been no 

statistically significant differences between visits with and without DIs, any differences could still 

have clinical relevance.  

We were unable to examine sex differences with regards to airway responsiveness and 

cough since the majority of the subjects in this study were female and because of the small 

sample size. Nevertheless, the greater number of female subjects in this area of research is 

typical, and is representative of the fact that in adults, asthma is more prevalent in women than in 

men (Leynaert et al., 2012). Furthermore, multiple prospective studies of individuals with chronic 

cough due to a variety of diseases also have shown that chronic cough is consistently more 

common in women than men (Irwin et al., 1998). This may be because women with chronic 

cough are more inclined to seek medical attention than men with chronic cough, possibly because 

the health-related quality of life is more adversely affected in women than in men (French et al., 

2004) 

The CVA group was significantly older than the COUGH and CA groups, and had a 

slightly lower proportion of females (although this was not statistically significant). When 

possible, we presented the percent predicted values to account for age- and sex-related 

differences. However, for some measurements (e.g. IOS), the range of normalcy has yet to be 

defined. Thus, it is possible that differences in age and gender could have affected these values, 

and masked the effects of DIs.   

Although medication use was not significantly different between groups, ICS use has 

been found to both reduce sensitivity to MCh in individuals with CVA (Fujimura et al., 2005) 

and decrease cough sensitivity to capsaicin subjects with asthma (Ekstrand et al., 2011). 
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Therefore our results may have been affected because some of our subjects had been treated with 

ICSs for long durations. Fifty percent of subjects with CA, 28.6% of subjects with CVA and 50% 

of subjects with COUGH were taking ICSs prior to study enrolment, which could have attenuated 

their responses and/or sensitivity to MCh. Medication use could also potentially affect an 

individual’s response to DIs, which could have affected our findings. For instance, Bel et al. 

(1990) demonstrated enhancement of DI-induced bronchodilation during MCh challenge after 

anti-inflammatory (leukotriene inhibitor) therapy. Furthermore, 12 week therapy with high-dose 

inhaled fluticasone was found to restore the bronchoprotective effects of DIs only in individuals 

with mild AHR (Scichilone et al., 2005).  

Although we have separated our subjects into three distinct group,  which we hypothesize 

fall along a continuum of asthma, there was overlap in asthma severity (in terms of PC20) between 

CA and CVA. Consequently, any differences between the two groups may be masked. In this 

regard, comparing the bronchodilating and bronchoprotective effects in individuals with more 

severe CA to those with CVA may be informative. Furthermore, even within the COUGH group 

there was a variable response to MCh, which could affect the interpreation of the results. The 

problematic nature of defining asthma has been extensively discussed (Cockcroft et al., 1997) and 

it is clear that no single test has sufficient sensitivity and specificity to diagnose reliably a 

syndrome with such variable manifestations (Taylor, 1997).  In fact, while all subjects in the 

COUGH group, by definition, did not demonstrate AHR to MCh, it is possible that another 

stimulus (e.g. mannitol or cold air) could elicit AHR (Turcotte et al., 2011). We also cannot 

exclude the possibility that our subjects with COUGH were individuals with EB, as sputum 

induction was not performed on these subjects. However, certain causes of chronic cough, such as 

EB, respond to steroid treatment (Brightling, 2006), and moderate doses of ICSs cause a dramatic 

fall in the sputum eosinophil count (Gibson et al., 2000). Half of our COUGH subjects were 
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taking ICSs before the beginning of the study but still suffered from a chronic cough, thus it is 

unlikely that cough was attributable to EB. 

Future Directions 

A larger sample size is required in order to determine whether or not the bronchodilating 

and bronchoprotective effects of DIs are preserved in these three groups, and reduce the chance of 

a Type II error. Including a group of subjects with more severe asthma could help to distinguish 

whether or not there are any differences between CA and CVA and if so, whether these 

differences fall along a spectrum of disease severity, which is related to the loss of the 

bronchoprotective and bronchodilating effects of DIs. If possible, sputum induction and exhaled 

nitric oxide (eNO) testing should be performed in all three groups to better ‘phenotype’ the 

subjects. This will ensure that subjects classified as having COUGH are distinct from those with 

EB. If possible, comparisons that take into account the duration of disease, and the duration of 

treatment with ICSs should be made, as this may provide insight into how airway remodeling or 

persistent inflammation affect the bronchodilating and bronchoprotective effects of DIs.  

Conclusion 

In conclusion, comparison of the effects of DIs in CA, CVA and COUGH has revealed 

that the bronchodilating effect is preserved in all three groups, and that the bronchoprotective 

effect may fall along a continuum. A larger study, potentially including subjects with more severe 

CA, is required to fully elucidate the varying degrees of impairment and/or preservation of the 

bronchoprotective and bronchodilating effects of DIs. 
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Appendix G 

Spirometry and Lung Volumes at Baseline (visit 1) 

  CA CVA COUGH P-value 

  (n=8) (n=7) (n=4)   

FEV1 (L) 2.99 ± 1.12 2.57 ± 0.57 3.60 ± 0.88  0.220 

FEV1 (%pr) 91.4 ± 20.5 81.9 ± 14.7 105.4 ± 19.6 0.155 

FVC (L) 3.92 ± 1.46 3.53 ± 0.92 4.64 ± 0.81 0.429 

FVC (%pr) 101 ± 23.0 93.9 ± 12.8 110.3 ± 13.2 0.457 

FEV1/FVC (%) 76.3 ± 4.0 74.2 ± 0.1 80.3 ± 0.1 0.244 

FEV1/FVC (%pr) 91.8 ± 4.6 93.9 ± 6.3 98.4 ± 8.2 0.233 

FEF50% (L/s) 3.17 ± 1.20 2.65 ± 1.20 4.15 ± 0.50 0.129 

FEF50% (%pr) 72.9 ± 24.4 74.2 ± 32.4 97.2 ± 25.2 0.345 

FEF25-75% (L/s) 2.53 ± 1.05 2.02 ± 0.65 3.27 ± 0.72 0.095 

FEF25-75% (%pr) 75.9 ± 23.2 75.6 ± 19.8 91.7 ± 28.6 0.491 

FEF75% (L/s) 0.97 ± 0.48 0.74 ± 0.21 1.52 ± 0.49
§
 0.022 

FEF75% (%pr) 57.8 ± 27.0 67.4 ± 18.9 93.0 ± 39.8 0.141 

Lung Volumes     

TLC (L) 5.37 ± 1.60 5.85 ± 1.38 6.49 ± 1.27 0.467 

TLC (%pr) 103 ± 22.3 100 ± 11.9 107.9 ± 9.29 0.781 

RV (L) 1.42 ± 0.40 2.19 ± 0.55* 1.83 ± 0.27 0.014 

RV (%pr) 98.3 ± 42.6 112 ± 18.7 107.1 ± 14.3 0.708 

RV/TLC 0.28 ± 0.09 0.376 ± 0.05* 0.289 ± 0.07 0.046 

RV/TLC (%pr) 83.1 ± 23.4 97.2 ± 10.5 88.8 ± 13.4 0.326 

IC (L) 3.08 ± 1.18 2.73 ± 0.87 2.93 ± 0.35 0.792 

IC (%pr) 128 ± 42.0 115 ± 26.3 104.0 ± 15.8 0.464 

Resistance      

Raw (cmH2O/L/s) 2.52 ± 0.58 2.21 ±0.83 1.92 ± 0.52 0.363 

Raw (%pr) 160.3 ± 37.9 150.0 ± 63.6 138.9 ± 28.5 0.763 

sRaw (cmH2O/L/s) 7.28 ± 1.11 8.15 ± 4.52 7.63 ± 1.24 0.848 

sRaw (%pr) 180.1 ± 24.5 199.2 ± 96.0 195.5 ± 40.9 0.833 

All values are Mean ± SD. Bolded values indicate significant differences. CA = classic asthma; 

COUGH = methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma; 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; FRC = functional residual capacity; IC = inspiratory capacity; MCh = 

methacholine; Raw = airway resistance; RV = residual volume; RV/TLC = residual volume 

divided by total lung capacity; sRaw = specific airway resistance; TLC = total lung capacity. P-

value from ANOVA with Bonferroni correction.  
§
p<0.05, compared to the CVA group by ANOVA with Bonferroni correction. 

*p<0.05, compared to the CA group by ANOVA with Bonferroni correction. 
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Appendix H 

Spirometry and Lung Volumes at MAX (visit 1) 

  CA CVA COUGH P-value 

  (n=8) (n=7) (n=4)   

FEV1 (L) 1.89 ± 0.65 1.72 ± 0.42 2.90 ± 1.00§ 0.030 

FEV1 (%pr) 57.5 ± 11.7 54.8 ± 10.0 85.3 ± 27.0§* 0.013 

FVC (L) 2.83 ± 0.94 2.87 ± 0.94 4.31 ± 1.61 0.091 

FVC (%pr) 73.0 ± 15.7 75.2 ± 11.1 102.4 ± 27.4* 0.032 

FEV1/FVC (%) 66.1 ± 7.8 61.4 ± 6.1 68.0 ± 12.0 0.392 

FEV1/FVC (%pr) 79.6 ± 9.3 77.7 ± 7.4 83.6 ± 15.4 0.657 

FEF50% (L/s) 1.53 ± 0.76 1.12 ± 0.22 2.91 ± 0.84§* 0.001 

FEF50% (%pr) 40.9 ± 10.4 31.8 ± 6.6 68.9 ± 28.3§* 0.003 

FEF25-75% (L/s) 1.20 ± 0.61 0.94 ± 0.30 2.19 ± 0.67§* 0.005 

FEF25-75% (%pr) 35.5 ± 13.5 35.1 ± 7.5 61.6 ± 24.2§* 0.018 

FEF75% (L/s) 0.44 ± 0.25 0.31 ± 0.20 0.91 ±0.23§* 0.002 

FEF75% (%pr) 25.3 ± 10.0 26.5 ± 15.1 54.9 ± 16.0§* 0.005 

Lung Volumes     

TLC (L) 5.41 ± 1.55 5.84 ± 1.40 6.47 ± 1.27 0.498 

TLC (%pr) 104.0 ± 21.1 100 ± 11.9 107.6 ± 9.6 0.781 

RV (L) 2.06 ± 0.51 2.70 ± 0.59 2.06 ± 0.32 0.053 

RV (%pr) 140.0 ± 46.0 138.0 ± 20.3 121.8 ± 26.0 0.676 

RV/TLC 0.39 ±0.10 0.47 ± 0.05 0.33 ± 0.09 0.051 

RV/TLC (%pr) 118.9 ±27.7 120.8 ± 12.1 101.1 ± 21.4 0.338 

IC (L) 2.25 ± 1.25 2.19 ± 0.65 2.62 ± 0.28 0.744 

IC (%pr) 90.3 ± 32.0 91.5 ± 17.2 93.3 ± 15.8 0.980 

Resistance      

Raw (cmH2O/L/s) 6.66 ± 2.19 4.91 ± 2.30 5.88 ± 5.62 0.578 

Raw (%pr) 423.4 ± 143.6 335.8 ± 169.7 432.3 ± 417.0 0.763 

sRaw (cmH2O/L/s) 23.77 ± 11.03 24.28 ± 9.15 9.79 ± 4.14 0.050 

sRaw (%pr) 599.8 ± 297.0   199.2 ± 96.0 195.5 ± 40.9 0.056 

Closing Indices     

%ΔFVC/%ΔFEV1 0.74 ± 0.16 0.60 ± 0.15 0.11 ± 0.37 0.001 

  
0.37 ± 0.35 0.05 ± 0.23 -0.85 ± 0.65 0.000 

All values are Mean ± SD. Bolded values indicate significant differences. CA = classic asthma; 

COUGH = methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma; 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; FRC = 

functional residual capacity; IC = inspiratory capacity; MCh = methacholine; Raw = airway 

resistance; RV = residual volume; RV/TLC = residual volume divided by total lung capacity; sRaw 

= specific airway resistance; TLC = total lung capacity. P-value from ANOVA with Bonferroni 

correction. 
§
p<0.05, compared to the CVA group by ANOVA with Bonferroni correction. 

*p<0.05, compared to the CA group by ANOVA with Bonferroni correction. 
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Appendix I 

Impulse Oscillometry Values at Baseline (visit 1) 

 CA 

(n=8) 
CVA  

(n=7) 
COUGH 

(n=4) 
P-value 

R5 (cmH2O/L/s) 5.03 ± 0.511 4.04 ± 0.477 3.09 ± 0.445 0.068 

R20 (cmH2O/L/s) 3.90 ± 0.416 3.15 ± 0.345 2.66 ± 0.343 0.134 

R5-R20 (cmH2O/L/s) 1.13 ± 0.175 0.887 ± 0.172 0.390 ± 0.214 0.062 

X5 (cmH2O/L/s) -1.66 ± 0.300 -1.35 ± 0.112 -0.918 ±0.130 0.157 

AX (cmH2O/L) 8.49 ± 2.26 5.63 ± 1.27 1.89 ± 0.656 0.104 

fres (Hz) 16.3 ± 1.14 14.4 ± 0.943 9.00 ± 1.49*
#
 0.003 

Values are MEAN±SE. AX = reactance area; CA = classic asthma; COUGH = 

methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma;  fres = resonant frequency; R5 = total respiratory resistance; R5-R20 = peripheral 

respiratory resistance; R20 = central respiratory resistance; X5 = peripheral reactance. P-

values from ANOVA with Bonferroni correction 

*p<0.05 compared to CA, 
#
p<0.05 compared to CVA 
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Appendix J 

Impulse Oscillometry Values at MAX (visit 1) 

 

CA 

(n=8) 
CVA 

(n=7) 
COUGH 

(n=4) 
P-value 

R5 (cmH2O/L/s) 7.76 ± 0.736 5.76 ± 0.558 5.31 ± 1.02 0.069 

R20 (cmH2O/L/s) 3.87 ± 0.359 3.20 ± 0.205 3.46 ± 0.620 0.388 

R5-R20 (cmH2O/L/s) 3.89 ± 0.490 2.56 ± 0.393 1.76 ± 0.478* 0.023 

X5 (cmH2O/L/s) -5.85 ± 1.27 -3.88 ± 0.565 -1.77 ±0.404 0.055 

AX (cmH2O/L) 45.9 ± 11.0 28.5 ± 4.80 12.0 ± 3.57 0.064 

fres (Hz) 27.4 ± 2.85 23.7 ± 1.34 17.9 ± 0.979 0.053 

Values are MEAN±SE. AX = reactance area; CA = classic asthma; COUGH = 

methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma; fres = resonant frequency; R5 = total respiratory resistance; R5-R20 = peripheral 

respiratory resistance; R20 = central respiratory resistance; X5 = peripheral reactance.  

P-values from ANOVA with Bonferroni correction 

*p<0.05 compared to CA 
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Appendix K 

Baseline Spirometry and Lung Volumes in Classic Asthma at All Visits 

  Visit 1 DI Visit No DI Visit P-Value 

  (n=8) (n=8) (n=8)   

FEV1 (L) 2.99 ± 1.12 2.98 ± 1.12 2.94 ± 0.87 0.992 

FEV1 (%pr) 91.4 ± 20.5 91.3 ± 20.7 90.5 ± 18.1 0.995 

FVC (L) 3.92 ± 1.46 3.89 ± 1.36 3.80 ± 1.04 0.981 

FVC (%pr) 101.3 ± 23.0 100.6 ± 20.9 99.5 ± 19.9 0.986 

FEV1/FVC (%) 76.3 ± 4.0 75.4 ± 3.8  75.6 ± 4.9 0.913 

FEV1/FVC (%pr) 91.8 ± 4.6 90.7 ± 4.0 91.1 ± 6.5 0.915 

FEF50% (L/s) 3.17 ± 1.20 2.86 ± 0.97 2.90 ± 1.01 0.817 

FEF50% (%pr) 72.9 ± 24.4 66.0 ± 18.8 66.4 ± 18.9 0.765 

FEF25-75% (L/s) 2.53 ± 1.05 2.36 ± 0.80 2.28 ± 0.89 0.856 

FEF25-75% (%pr) 75.9 ± 23.2 71.8 ± 16.9 68.5 ± 18.3 0.757 

FEF75% (L/s) 0.97 ± 0.48 0.91 ± 0.40 0.86 ± 0.45 0.878 

FEF75% (%pr) 57.8 ± 27.0 54.1 ± 19.3 50.4 ± 20.6 0.805 

Lung Volumes     

TLC (L) 5.37 ± 1.60 5.32 ± 1.51 5.37 ± 1.47 0.997 

TLC (%pr) 103.2 ± 22.3 102.7 ± 22.5 103.7 ± 22.8 0.996 

RV (L) 1.42 ± 0.40 1.38 ± 0.37 1.25 ± 0.54 0.727 

RV (%pr) 98.3 ± 42.6 95.7 ± 41.8 87.2 ± 47.8 0.870 

RV/TLC 0.28 ± 0.09 0.27 ± 0.09 0.24 ± 0.13 0.816 

RV/TLC (%pr) 83.1 ± 23.4 81.6 ± 24.5 73.2 ± 36.1 0.760 

IC (L) 3.08 ± 1.18 2.80 ± 0.82 2.82 ± 0.83 0.811 

IC (%pr) 128.5 ± 42.0 118.5 ± 36.5 119.4 ± 38.0 0.851 

Resistance      

Raw (cmH2O/L/s) 2.52 ± 0.58 2.71 ± 0.82 2.80 ± 0.47 0.666 

Raw (%pr) 160.3 ± 37.9 174.5 ± 58.0 179.4 ± 32.6 0.674 

sRaw (cmH2O/L/s) 7.28 ± 1.10 7.50 ± 1.64 8.11 ± 1.25 0.464 

sRaw (%pr) 180.1 ± 24.5 186.4 ± 44.4 202.2 ± 38.5 0.485 

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; FRC = functional residual capacity; IC = inspiratory 

capacity; MCh = methacholine; Raw = airway resistance; RV = residual volume; RV/TLC = 

residual volume divided by total lung capacity; sRaw = specific airway resistance; TLC = total 

lung capacity. P-value from ANOVA with Bonferroni correction. 
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Appendix L 

Baseline Spirometry and Lung Volumes in Cough Variant Asthma at 

All Visits 

  Visit 1 DI Visit No DI Visit P-value 

  (n=7) (n=7) (n=7)   

FEV1 (L) 2.57 ± 0.57 2.54 ± 0.45 2.57 ± 0.50 0.992 

FEV1 (%pr) 81.9 ± 14.7 81.5 ± 14.9 82.2 ± 15.6 0.996 

FVC (L) 3.53 ± 0.92  3.54 ± 0.76 3.57 ± 0.91 0.996 

FVC (%pr) 93.9 ± 12.8 94.6 ± 12.5 94.9 ± 10.8 0.987 

FEV1/FVC (%) 74.2 ± 5.5 72.5 ± 5.8 72.9 ± 6.3 0.861 

FEV1/FVC (%pr) 93.9 ± 6.3 91.7 ± 6.3 92.2 ± 6.7 0.812 

FEF50% (L/s) 2.65 ± 1.20 2.76 ± 1.03 2.70 ± 1.19 0.986 

FEF50% (%pr) 74.2 ± 32.8 78.7 ± 30.0 76.8 ± 33.4 0.967 

FEF25-75% (L/s) 2.02 ± 0.65 1.93 ± 0.56 1.95 ± 0.62 0.963 

FEF25-75% (%pr) 75.6 ± 19.8 73.4 ± 19.3 73.6 ± 20.3 0.974 

FEF75% (L/s) 0.74 ± 0.21 0.60 ± 0.24 0.65 ± 0.25 0.541 

FEF75% (%pr) 67.4 ± 18.9 53.7 ± 18.1 58.3 ± 19.4 0.401 

Lung Volumes     

TLC (L) 5.85 ± 1.38 5.87 ± 1.38 5.92 ± 1.36 0.996 

TLC (%pr) 100.4 ± 11.9 100.7 ± 12.3 101.4 ± 10.7 0.986 

RV (L) 2.19 ± 0.55 2.20 ± 0.48 2.23 ± 0.45 0.986 

RV (%pr) 111.6 ± 18.7 112.2 ± 13.3 114.0 ± 15.7 0.958 

RV/TLC 0.38 ± 0.05 0.38 ± 0.04 0.38 ± 0.04 0.975 

RV/TLC (%pr) 97.3 ± 10.5 97.9 ± 7.4 98.5 ± 8.3 0.965 

IC (L) 2.73 ± 0.87 2.79 ± 0.91 2.91 ± 0.94 0.938 

IC (%pr) 114.8 ± 26.3 117.0 ± 27.2 121.0 ± 24.4 0.905 

Resistance      

Raw (cmH2O/L/s) 2.21 ± 0.84 2.24 ± 0.76 1.91 ± 0.60 0.665 

Raw (%pr) 150.0 ± 63.6 149.1 ± 44.1 130.0 ± 44.3 0.719 

sRaw (cmH2O/L/s) 8.15 ± 4.52 6.32 ± 1.64 6.65 ± 2.16 0.501 

sRaw (%pr) 199.2 ± 96.0 158.0 ± 39.6 166.8 ± 54.9 0.502 

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; FRC = functional residual capacity; IC = inspiratory 

capacity; MCh = methacholine; Raw = airway resistance; RV = residual volume; RV/TLC = 

residual volume divided by total lung capacity; sRaw = specific airway resistance; TLC = total 

lung capacity. P-value from ANOVA with Bonferroni correction.           
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Appendix M 

Baseline Spirometry and Lung Volumes in Methacholine-induced 

Cough but Normal Airway Sensitivity at All Visits 

  Visit 1 DI Visit No DI Visit P-value 

  (n=4) (n=4) (n=4)   

FEV1 (L) 3.61 ± 0.88 3.79 ± 0.78 3.75 ± 0.83 0.949 

FEV1 (%pr) 105.4 ± 19.6 111.1 ± 17.4 109.8 ± 18.3 0.903 

FVC (L) 4.64 ± 1.62 4.79 ± 1.41 4.75 ± 1.49 0.989 

FVC (%pr) 110.3 ± 26.4 114.4 ± 21.3 113.3 ± 23.4 0.969 

FEV1/FVC (%) 80.3 ± 7.8 79.7 ± 7.7 80.0 ± 6.7 0.994 

FEV1/FVC (%pr) 98.4 ± 8.25 97.7 ± 8.28 98.1 ± 6.82 0.993 

FEF50% (L/s) 4.15 ± 0.50 4.49 ± 0.82 4.40 ± 0.35 0.706 

FEF50% (%pr) 97.2 ± 25.2 105.6 ± 32.1 103.1 ± 24.6 0.907 

FEF25-75% (L/s) 3.27 ± 0.72 3.77 ± 0.95 3.58 ± 0.33 0.618 

FEF25-75% (%pr) 91.7 ± 28.6 106.2 ± 36.8 100.3 ± 22.4 0.791 

FEF75% (L/s) 1.52 ± 0.49 1.63 ± 0.60 1.57 ± 0.30 0.949 

FEF75% (%pr) 93.0 ± 39.8 101.0 ± 49.6 95.4 ± 27.6 0.959 

Lung Volumes     

TLC (L) 6.49 ± 1.27 6.55 ± 1.31 6.58 ± 1.29 0.996 

TLC (%pr) 107.9 ± 9.2 108.8 ± 9.5 109.2 ± 9.3 0.978 

RV (L) 1.83 ± 0.27 1.98 ± 0.39 1.93 ± 0.31 0.797 

RV (%pr) 107.1 ± 14.3 115.4 ± 17.1 112.3 ± 13.4 0.717 

RV/TLC 0.29 ± 0.07 0.31 ± 0.08 0.30 ± 0.06 0.917 

RV/TLC (%pr) 88.8 ± 13.4 95.0 ± 15.9 92.0 ± 10.7 0.816 

IC (L) 2.93 ± 0.35 2.78 ± 0.39 2.87 ± 0.40 0.857 

IC (%pr) 104.0 ± 15.8 98.8 ± 17.9 102.3 ± 21.0 0.921 

Resistance      

Raw (cmH2O/L/s) 1.92 ± 0.52 1.47 ± 0.14 1.71 ± 0.35 0.278 

Raw (%pr) 138.9 ± 28.5 109.6 ± 23.8 124.3 ± 13.2 0.243 

sRaw (cmH2O/L/s) 7.63 ± 1.24 6.19 ± 2.02 6.54 ± 0.61 0.367 

sRaw (%pr) 195.5 ± 40.9 155.3 ± 38.0 165.9 ± 5.3 0.244 

All values are Mean ± SD. DI = Deep inspiration; 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; FRC = functional residual 

capacity; IC = inspiratory capacity; MCh = methacholine; Raw = airway resistance; RV = 

residual volume; RV/TLC = residual volume divided by total lung capacity; sRaw = specific 

airway resistance; TLC = total lung capacity. P-value from ANOVA with Bonferroni correction 
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Appendix N 

Spirometry and Lung Volume Responses to Single-dose Methacholine 

After Deep Inspirations (visit 2 or 3) 

  Asthma CVA COUGH P-value 

  (n=8) (n=7) (n=4)   

∆FEV1 (L) -0.60 ± 0.22§ -0.30 ±0.27* -0.72 ± 0.51 0.092 

%∆FEV1 -22.1 ± 10.3 -12.6 ± 10.7 -20.0 ± 16.4 0.310 

∆FEV1 (%pr) -19.5 ± 8.7§ -9.7 ± 7.7 * -20.9 ± 14.2 0.112 

∆FVC (L) -0.58 ± 0.30§ -0.22 ± 0.20* -0.58 ± 0.71 0.180 

%∆FVC -16.6 ± 9.8 -6.7 ± 5.6 -13.8 ± 17.3 0.212 

∆FVC (%pr) -16.6 ± 11.0§ -6.1 ± 4.8* -14.5 ± 17.5 0.191 

∆FEV1/FVC -0.05 ± 0.04 -0.05 ± 0.04 -0.05 ± 0.04 0.993 

∆FEV1/FVC (%pr) -6.0 ± 4.5§ -6.1 ± 5.3* -6.0 ± 3.8 0.999 

∆FEF50% (L/s) -0.88 ± 0.50§ -0.74 ± 0.59* -1.20 ± 0.68* 0.464 

∆FEF50% (%pr)  -20.6 ± 11.3§ -22.1 ± 17.8* -27.2 ± 14.8* 0.763 

∆FEF25-75% (L/s) -0.74 ± 0.22§ -0.45 ± 0.39* -1.24 ± 0.42* 0.017 

∆FEF25-75% (%pr) -22.9 ± 6.9§ -18.0 ± 14.6* -31.4 ± 12.2* 0.201 

∆FEF75% (L/s) -0.28 ± 0.22§ -0.12 ± 0.16 -0.61 ± 0.24* 0.006 

∆FEF75% (%pr) -16.3 ± 11.1§ -10.8 ± 13.7 -36.8 ± 15.3* 0.017 

Lung Volumes     

∆TLC (L) -0.12 ± 0.43 -0.02 ± 0.05 -0.04 ± 0.04 0.796 

∆TLC (%pr) -1.3 ± 5.9 -0.4 ± 0.8  -0.7 ± 0.7 0.900 

∆RV (L) 0.36 ± 0.25§ 0.28 ± 0.14* 0.02 ± 0.23 0.058 

∆RV (%pr) 23.9 ± 16.9§ 13.9 ± 5.1* 2.5 ± 14.2 0.049 

∆RV/TLC 0.08 ± 0.06§ 0.05 ± 0.01§ 0.01 ± 0.04 0.054 

∆RV/TLC (%pr) 22.9 ± 17.3§ 12.3 ± 3.6§ 2.6 ± 12.0 0.052 

∆FRC (L) 0.33 ± 0.41 0.29 ± 0.32 0.06 ± 0.40 0.251 

∆FRC (%pr) 14.4 ± 16.5* 9.8 ± 9.8* 0.6 ± 11.6 0.223 

∆IC (L) -0.46 ± 0.39§ -0.31 ± 0.34 -0.02 ± 0.44 0.161 

∆IC (%pr) -21.3 ± 21.5* -14.0 ± 12.7* -1.26 ± 13.8 0.198 

Resistance     

∆Raw (cmH2O/L/s) 2.75 ± 2.16§ 1.85 ± 1.6* 1.68 ± 1.91 0.567 

∆Raw (%pr) 168.9 ± 129.3§ 125.7 ± 105.5* 120.3 ± 124.8 0.724 

∆sRaw (cmH2O/L/s) 10.62 ± 9.46* 8.56 ± 3.40§ 5.83 ± 6.22 0.554 

∆sRaw (%pr) 272.7 ± 242.1* 215.5 ± 91.8§ 148.7 ± 164.0 0.549 

Closing Indices     

%ΔFVC/%ΔFEV1 0.72 ± 0.23 0.49 ± 0.13 0.56 ± 0.33 0.166 

  
0.39 ± 0.47 -0.03 ± 0.25 0.15 ± 0.67 0.231 

All values are Mean ± SD. Δ= change from baseline to post single dose of methacholine; CA = 

classic asthma; COUGH = methacholine-induced cough but normal airway sensitivity; CVA = 

cough variant asthma; DI = deep inspiration; 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; FRC = functional residual capacity; IC = inspiratory capacity; MCh 

= methacholine; Raw = airway resistance; RV = residual volume; RV/TLC = residual volume 

divided by total lung capacity; sRaw = specific airway resistance; TLC = total lung capacity. P-

values from ANOVA with Bonferroni correction. 
*p<0.05, compared to baseline 
§p<0.01, compared to baseline 
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Appendix O 

ANOVA Results of Spirometry and Lung Volume Responses to Single-

Dose Methacholine After Deep Inspirations (visit 2 or 3) 

  A - C A - M M - C  P-value 

∆FEV1 (L)    0.092 

%∆FEV1    0.310 

∆FEV1 (%pr)    0.112 

∆FVC (L)    0.180 

%∆FVC    0.212 

∆FVC (%pr)    0.191 

∆FEV1/FVC    0.993 

∆FEV1/FVC (%pr)    0.999 

∆FEF50% (L/s)    0.464 

∆FEF50% (%pr)     0.763 

∆FEF25-75% (L/s)   0.015 0.017 

∆FEF25-75% (%pr)    0.201 

∆FEF75% (L/s)  0.056 0.005 0.006 

∆FEF75% (%pr)  0.060 0.017 0.017 

Lung Volumes     

∆TLC (L)    0.796 

∆TLC (%pr)    0.900 

∆RV (L)  0.059  0.058 

∆RV (%pr)  0.051  0.049 

∆RV/TLC  0.054  0.054 

∆RV/TLC (%pr)  0.058  0.052 

∆FRC (L)    0.251 

∆FRC (%pr)    0.223 

∆IC (L)    0.744 

∆IC (%pr)    0.657 

Resistance     

∆Raw (cmH2O/L/s)    0.567 

∆Raw (%pr)    0.724 

∆sRaw (cmH2O/L/s)    0.554 

∆sRaw (%pr)    0.549 

Closing Indices     

%ΔFVC/%ΔFEV1    0.166 

      

0.231 

Bonferroni corrected p values located within columns representing significance between groups. Blank 
spaces represent non-significant differences between groups; bolded values indicate significant differences. 
Δ= change from baseline after single-dose methacholine; CA = classic asthma; COUGH = methacholine-
induced cough but normal airway sensitivity; CVA = cough variant asthma; FEV1 = forced expiratory volume 
in one second; FVC = forced vital capacity; FEV1/FVC = forced expiratory volume in one second over forced 
vital capacity; FEF50% = forced expiratory flow at 50% of forced vital capacity; FEF25-75% = mean forced 
expiratory flow during the middle half of t forced vital capacity; FEF75% = forced expiratory flow at 75% of 
forced vital capacity; FRC = functional residual capacity; IC = inspiratory capacity; MCh = methacholine; 

Raw = airway resistance; RV = residual volume; RV/TLC = residual volume over total lung capacity; sRaw = 
specific airway resistance; TLC = total lung capacity. 
A - C = CA group versus CVA group. 
A - M = CA group versus COUGH group.  
M - C = COUGH group versus CVA group. 
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Appendix P 

Spirometry and Lung Volume Responses to Single-dose Methacholine 

After Deep Inspiration Avoidance (visit 2 or 3) 

  CA CVA COUGH P-value 

  (n=8) (n=7) (n=4)   

∆FEV1 (L) -0.51 ± 0.44* -0.51 ± 0.13§ -0.88 ± 0.65 0.302 

%∆FEV1 -20.5 ± 16.2 -20.0 ± 4.9 -24.1 ± 18.6 0.885 

∆FEV1 (%pr) -17.7 ± 14.2* -16.7 ± 6.2§ -25.5 ± 18.2 0.531 

∆FVC (L) -0.52 ± 0.60* -0.46 ± 0.17§ -0.73 ± 0.94 0.750 

%∆FVC -17.1 ± 17.6 -13.5 ± 5.6 -16.8 ± 21.5 0.892 

∆FVC (%pr) -16.6 ± 17.4* -12.8 ± 4.8§ -17.9 ± 23.2 0.841 

∆FEV1/FVC -0.01 ± 0.07 -0.05 ± 0.05 -0.06 ± 0.02 0.272 

∆FEV1/FVC (%pr) -1.7 ± 8.1 -7.3 ± 7.4* -8.0 ± 2.7* 0.260 

∆FEF50% (L/s) -0.55 ± 0.60* -0.95 ± 0.46§ -1.53 ± 0.47§ 0.027 

∆FEF50% (%pr)  -13.0 ± 13.8* -27.4 ± 13.8§ -36.1 ± 12.9* 0.031 

∆FEF25-75% (L/s) -0.32 ± 0.46 -0.61 ± 0.35§ -1.40 ± 0.45§ 0.003 

∆FEF25-75% (%pr) -10.3 ± 13.8 -23.3 ± 13.7§ -39.6 ± 15.2* 0.012 

∆FEF75% (L/s) -0.06 ± 0.24 -0.19 ± 0.18* -0.77 ± 0.31* 0.001 

∆FEF75% (%pr) -2.8 ± 13.6 -16.7 ± 17.3* -47.1 ± 19.1* 0.002 

Lung Volumes     

∆TLC (L) -0.05 ± 0.13 -0.00 ± 0.05 -0.06 ± 0.04 0.526 

∆TLC (%pr) -0.8 ± 2.2 0.0 ± 0.8 -1.0 ± 0.8 0.500 

∆RV (L) 0.46 ± 0.56 0.26 ± 0.32 0.20 ± 0.34 0.565 

∆RV (%pr) 32.5 ± 40.2 12.6 ± 13.2* 13.8 ± 22.5 0.385 

∆RV/TLC 0.10 ± 0.13 0.04 ± 0.04* 0.04 ± 0.06 0.376 

∆RV/TLC (%pr) 31.0 ± 40.0 10.7 ± 10.4* 12.0 ± 18.4 0.345 

∆FRC (L) 0.34 ± 0.41 0.42 ± 0.42* 0.24 ± 0.43 0.785 

∆FRC (%pr) 15.0 ± 17.6* 13.0 ± 10.4* 8.2 ± 15.1 0.756 

∆IC (L) -0.38 ± 0.39* -0.40 ± 0.42* -0.32 ± 0.45 0.954 

∆IC (%pr) -19.6 ± 20.2* -15.0 ± 11.2* -12.4 ± 17.3 0.755 

Resistance     

∆Raw (cmH2O/L/s) 2.08 ± 1.81* 1.98 ± 1.79* 1.30 ± 1.14 0.744 

∆Raw (%pr) 127.8 ± 112.3* 135.4 ± 122.1* 92.4 ± 72.6 0.816 

∆sRaw (cmH2O/L/s) 7.86 ± 7.47* 7.86 ± 6.50* 6.00 ± 4.49 0.884 

∆sRaw (%pr) 202.7 ± 192.7* 194.6 ± 163.2* 153.3 ± 118.9 0.889 

Closing Indices     

%ΔFVC/%ΔFEV1 0.81 ± 0.36 0.69 ± 0.31 0.53 ± 0.31 0.412 

 

0.82 ± 0.58 0.35 ± 0.68 0.03 ± 0.60 0.126 

All values are Mean ± SD. Δ= change from baseline to post single dose of methacholine; CA = classic 

asthma; COUGH = methacholine-induced cough but normal airway sensitivity; CVA = cough variant 

asthma; DI = deep inspiration; 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; 

FRC = functional residual capacity; IC = inspiratory capacity; MCh = methacholine; Raw = airway 

resistance; RV = residual volume; RV/TLC = residual volume divided by total lung capacity; sRaw = 

specific airway resistance; TLC = total lung capacity. P-values from ANOVA with Bonferroni correction. 
*p<0.05, compared to baseline 
§p<0.01, compared to baseline 
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Appendix Q 

ANOVA Results of Spirometry and Lung Volume Responses to Single-

Dose Methacholine After Deep Inspiration Avoidance (visit 2 or 3) 

 A - C A - M M - C P-value 

∆FEV1 (L)    0.302 

%∆FEV1    0.885 

∆FEV1 (%pr)    0.531 

∆FVC (L)    0.750 

%∆FVC    0.892 

∆FVC (%pr)    0.841 

∆FEV1/FVC    0.272 

∆FEV1/FVC (%pr)    0.260 

∆FEF50% (L/s)  0.025  0.027 

∆FEF50% (%pr)   0.041  0.031 

∆FEF25-75% (L/s)  0.002 0.027 0.003 

∆FEF25-75% (%pr)  0.011  0.012 

∆FEF75% (L/s)  0.000 0.004 0.001 

∆FEF75% (%pr)  0.001 0.025 0.002 

Lung Volumes     

∆TLC (L)    0.526 

∆TLC (%pr)    0.500 

∆RV (L)    0.565 

∆RV (%pr)    0.385 

∆RV/TLC    0.376 

∆RV/TLC (%pr)    0.345 

∆FRC (L)    0.785 

∆FRC (%pr)    0.756 

∆IC (L)    0.954 

∆IC (%pr)    0.755 

Resistance     

∆Raw (cmH2O/L/s)    0.744 

∆Raw (%pr)    0.816 

∆sRaw (cmH2O/L/s)    0.884 

∆sRaw (%pr)    0.889 

Closing Indices     

%ΔFVC/%ΔFEV1    0.412 

  
     

0.126 

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. Δ= change from baseline to post single dose of methacholine; CA = classic asthma; COUGH 

= methacholine-induced cough but normal airway sensitivity; CVA = cough variant asthma; DI = deep 

inspiration; 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; FRC = 

functional residual capacity; IC = inspiratory capacity; MCh = methacholine; Raw = airway resistance; 

RV = residual volume; RV/TLC = residual volume divided by total lung capacity; sRaw = specific 

airway resistance; TLC = total lung capacity. P-values from ANOVA with Bonferroni correction. 

A - C = CA group versus CVA group. 

A - M = CA group versus COUGH group.  

M - C = CVA group versus COUGH group. 
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Appendix R 

Baseline Impulse Oscillometry Values in Classic Asthma at All Visits 

 

 Visit 1 

(n=8) 
DI Visit 

(n=8) 
No DI Visit 

(n=8) 
P-value 

R5 (cmH2O/L/s) 5.03 ± 1.45 5.27 ± 1.92 5.25 ± 1.87 0.955 

R20 (cmH2O/L/s) 3.90 ± 1.18 3.76 ± 1.40 4.02 ± 1.59 0.930 

R5-R20 (cmH2O/L/s) 1.13 ± 0.49 1.51 ± 1.22 1.22 ± 0.66 0.646 

X5 (cmH2O/L/s) -1.66 ± 0.85 -2.13 ± 1.79 -1.63 ± 0.80 0.673 

AX (cmH2O/L) 8.49 ± 6.40 12.66 ± 14.80 7.02 ± 6.36 0.515 

fres (Hz) 16.30 ± 3.22 16.68 ± 4.67 13.89 ± 6.29 0.479 

Values are MEAN±SD. AX = reactance area; DI = deep inspiration; fres = resonant 

frequency; R5 = total respiratory resistance; R5-R20 = peripheral respiratory resistance; 

R20 = central respiratory resistance; X5 = peripheral reactance. P-values from ANOVA 

with Bonferroni correction 
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Appendix S 

Baseline Impulse Oscillometry Values in Cough Variant Asthma at All 

Visits 

 Visit 1 

(n=7) 
DI Visit 

(n=7) 
No DI Visit 

(n=7) 
P-value 

R5 (cmH2O/L/s) 4.04 ± 1.26 4.10 ± 1.50 3.59 ± 0.61 0.684 

R20 (cmH2O/L/s) 3.15 ± 0.91 3.25 ± 1.01 2.92 ± 0.61 0.773 

R5-R20 (cmH2O/L/s) 0.89 ± 0.45 0.94 ± 0.68 0.75 ± 0.49 0.800 

X5 (cmH2O/L/s) -1.35 ± 0.30 -1.23 ± 0.45 -1.22 ± 0.43 0.811 

AX (cmH2O/L) 5.63 ± 3.36 5.89 ± 5.93 4.48 ± 2.66 0.805 

fres (Hz) 14.42 ± 2.50 13.72 ± 4.53 12.77 ± 2.85 0.666 

Values are MEAN±SD. AX = reactance area; DI = deep inspiration; fres = resonant 

frequency; R5 = total respiratory resistance; R5-R20 = peripheral respiratory resistance; 

R20 = central respiratory resistance; X5 = peripheral reactance. P-values from ANOVA 

with Bonferroni correction 
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Appendix T 

Baseline Impulse Oscillometry Values in Methacholine-induced Cough 

but Normal Airway Sensitivity at All Visits 

 Visit 1 

(n=4) 
DI Visit 

(n=4) 
No DI Visit 

(n=4) 
P-value 

R5 (cmH2O/L/s) 3.09 ± 0.89 3.06 ± 0.90 3.16 ± 0.87 0.985 

R20 (cmH2O/L/s) 2.66 ± 0.69 2.47 ± 0.70 2.60 ± 0.83 0.934 

R5-R20 (cmH2O/L/s) 0.39 ± 0.43 0.59 ± 0.39 0.56 ± 0.43 0.774 

X5 (cmH2O/L/s) -0.92 ± 0.26 -0.97 ± 0.30 -0.86 ± 0.21 0.832 

AX (cmH2O/L) 1.89 ± 1.31 2.59 ± 1.33 2.52 ± 1.80 0.774 

fres (Hz) 9.00 ± 2.98 11.8 ± 2.67 11.5 ± 2.77 0.356 

Values are MEAN±SD. AX = reactance area; DI = deep inspiration;  fres = resonant 

frequency; R5 = total respiratory resistance; R5-R20 = peripheral respiratory resistance; 

R20 = central respiratory resistance; X5 = peripheral reactance. P-values from ANOVA 

with Bonferroni correction 
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Appendix U 

Impulse Oscillometry Responses to Single-dose Methacholine After 

Deep Inspirations (visit 2 or 3) 

 CA 

(n=8) 
CVA  

(n=7) 
COUGH 

(n=4) 
P-value 

∆R5 (cmH2O/L/s) 1.57 ± 1.53 1.82 ± 1.36 1.77 ± 0.94 0.935 

∆R20 (cmH2O/L/s) 0.18 ± 0.46 0.41 ± 0.77 0.72 ± 0.15 0.318 

∆R5-R20 (cmH2O/L/s) 1.39 ± 1.37 1.52 ± 1.35 1.05 ± 1.09 0.849 

∆X5 (cmH2O/L/s) -2.40 ± 2.77 -2.05 ± 2.69 -1.81 ± 2.70 0.933 

∆AX (cmH2O/L) 20.3 ± 21.80 21.0 ± 27.50 17.2 ± 27.80 0.969 

∆fres (Hz) 7.78 ± 6.43 8.46 ± 6.05 7.16 ± 9.39 0.954 

MEAN±SD. Δ= change from baseline to post single dose of methacholine; AX = 

reactance area; CA = classic asthma; COUGH = methacholine-induced cough but 

normal airway sensitivity; CVA = cough variant asthma; fres = resonant frequency; R5 = 

total respiratory resistance; R5-R20 = peripheral respiratory resistance; R20 = central 

respiratory resistance; X5 = peripheral reactance. P-values from ANOVA with 

Bonferroni correction. Values not significantly different from baseline using paired t-

tests.  
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Appendix V 

Impulse Oscillometry Responses to Single-dose Methacholine After 

Deep Inspiration Avoidance (visit 2 or 3) 

 CA 

(n=8) 
CVA  

(n=7) 
COUGH 

(n=4) 
P-value 

∆R5 (cmH2O/L/s) 2.07 ± 1.69 2.26 ± 1.76 1.57 ± 0.95 0.790 

∆R20 (cmH2O/L/s) 0.01 ± 0.52 0.56 ± 0.80 0.33 ± 0.50 0.244 

∆R5-R20 (cmH2O/L/s) 2.09 ± 1.68 1.62 ± 1.60 1.24 ± 1.12 0.662 

∆X5 (cmH2O/L/s) -3.07 ± 3.56 -1.76 ± 1.67 -1.61 ± 2.08 0.572 

∆AX (cmH2O/L) 20.04 ± 28.60 20.60 ± 19.78 13.96 ± 16.55 0.892 

∆fres (Hz) 10.74 ± 11.30 9.51 ± 7.93 7.27 ± 4.93 0.828 

MEAN±SD. Δ= change from baseline to post single dose of methacholine; AX = 

reactance area; CA = classic asthma; COUGH = methacholine-induced cough but 

normal airway sensitivity; CVA = cough variant asthma; fres = resonant frequency; R5 = 

total respiratory resistance; R5-R20 = peripheral respiratory resistance; R20 = central 

respiratory resistance; X5 = peripheral reactance. P-values from ANOVA with 

Bonferroni correction. Values not significantly different from baseline using paired t-

tests. 

 


