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Abstract 

Rationale: The physiologic variables distinguishing classic asthma (CA), cough variant asthma (CVA), 

and methacholine (MCh)-induced cough with normal airway sensitivity (COUGH) are incompletely 

understood. Defining the range of normal responses associated with deep inspirations (DIs) during high-

dose MCh is crucial to understand the clinical relevance of COUGH with respect to CA and CVA. 

Purpose: To characterize responses to DI in healthy normal individuals (without asthma, chronic cough 

or asymptomatic airway hyperresponsiveness) during high-dose MCh and compare with responses in CA, 

CVA and COUGH. 

Methods: Individuals aged 18-65 years with no history of asthma and/or chronic cough attended 2 visits. 

On visit 1, after baseline spirometry and body plethysmography, participants were randomized to perform 

either: (i) modified high-dose MCh challenge using partial and maximal expiratory flow-volume curves 

(PEFV/MEFV) and impulse oscillometry (IOS) or (ii) traditional high-dose MCh challenge using MEFV, 

at each dose to a maximum change (∆) in FEV1 of 50% from baseline (MAX). Previously published data 

(Wasilewski et al., 2016) was used to compare the responses of healthy individuals to individuals with 

CA (n=11), CVA (n=10) and COUGH (n=7). 

Results: 15 participants (31.4±7.3years) (Mean±SD) completed the protocol. At MAX, participants 

developed minor but significant cough (3.2±4.7; p=0.022), dyspnea (Borg: 0.4±0.7; p=0.016), 

bronchoconstriction (%∆FEV1 -14.7±7.9%; p<0.001) and gas trapping (∆IC -0.20±0.36; p=0.001), 

compared to baseline. At MAX, the bronchodilation effect of DIs was preserved (DI index: 0.67±0.44 and 

-0.14 ± 0.15 at MAX and baseline, respectively; p<0.001). Compared to healthy individuals, the COUGH 

group developed more cough (p=0.006), dyspnea (p=0.029) but comparable bronchoconstriction and gas 

trapping in response to high-dose MCh. At MAX, the bronchodilating effect was preserved in CA, CVA 

and healthy participants but impaired in COUGH (DI Index: 0.67±0.97 (CA); 0.51±0.73 (CVA); 

0.01±0.36 (COUGH); 0.68±0.45 (healthy participants); p=0.039). 
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Conclusion: The responses to high-dose MCh in healthy participants and participants with COUGH, 

CVA and CA lie on a continuum, which may reflect fundamental pathophysiological differences in terms 

of impairment versus preservation of the bronchodilating effect of DIs. COUGH appears to be a clinically 

relevant phenotype, distinct from healthy normal and CVA.  
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Chapter 1  

Introduction and Literature Review 

Asthma is a chronic inflammatory disorder of the airways associated with a variable degree of 

airway hyperresponsiveness (AHR) and airflow obstruction, producing symptoms of chest tightness, 

wheeze, cough and dyspnea (Lougheed et al., 2012a). The diagnosis of asthma is based on the 

combination of clinical history, the demonstration of reversible airflow obstruction (via improvement in 

pulmonary function after bronchodilator or controller trial therapy, or presence of variable airflow 

limitation) and/or evidence of AHR to contractile stimuli such as methacholine (MCh) or exercise 

(Lougheed et al., 2010; Lougheed et al., 2012a).  

Airway Hyperresponsiveness 

AHR, an exaggerated bronchoconstrictive response to a wide variety of provoking stimuli, is a 

cardinal feature of asthma (Woolcock et al., 1984). The resulting airflow limitation is a major contributor 

to recurrent episodes of coughing, wheezing, chest tightness, dyspnea and hyperinflation, that are 

characteristic of asthma. AHR is most commonly assessed by the ‘sensitivity’ of the airways to the 

concentration (or dose) of contractile stimuli, such as histamine and MCh, required to produce a given 

decline in lung function (Hargreave et al., 1982). Other components of AHR include the airway 

‘reactivity’ or slope of dose-response curve, the magnitude of ‘maximal response’ to the contractile 

stimulus, and the presence or absence of ‘plateau response’, defined as a <5% change in FEV1 over two or 

more dose steps (Hargreave et al., 1982). Compared to healthy individuals, those with AHR (for instance, 

in asthma) display dose-response curves characterized by: (i) increased sensitivity (FEV1 declines more 

readily than in healthy individuals when the same doses are administered i.e. leftward shift), increased 

reactivity (greater FEV1 declines at lower doses than in healthy individuals i.e. steeper slope) and either 

an increased or absent maximal plateau response as measured by a fall in the forced expiratory volume in 

one second (FEV1) from baseline (Woolcock et al., 1984; Sterk et al., 1985a, b).  Long-term symptoms 
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(Makino, 1966) and medication use (Juniper et al., 1981) have been found to correlate significantly with 

AHR to both histamine (Makino, 1966; Juniper et al., 1981) and MCh (Juniper et al., 1981). 

Although the pathophysiological mechanisms underlying AHR are not completely understood, 

AHR is thought to have two components: i) a variable component; and ii) a persistent component 

(Cockcroft and Davis, 2006; Busse 2010). The variable component of AHR is likely related to the 

presence of acute airway inflammation due to current or recent environmental exposures, such as 

allergens and respiratory infections, whereas the persistent component is thought to reflect the structural 

and physiological airway remodeling associated with chronic airway inflammation (Cockcroft and Davis, 

2006; Busse, 2010; Cockcroft, 2010). Improvement in AHR following inhaled anti-inflammatory 

treatment supports the notion that the variable component of AHR is related to the presence of acute 

airway inflammation (Bateman et al., 2008). However, despite long-term treatment with inhaled 

corticosteroids (ICS), the persistent component of AHR may not improve (Barnes, 1998) supporting the 

presence of underlying chronic airway inflammation (Homer & Elias, 2000) and remodeling (Cockcroft 

and Davis, 2006).  

Recent evidence shows that this notion may be oversimplified (Busse, 2010) and that the two 

components are interrelated and likely interdependent. It is possible that repeated acute exacerbation 

could result in cellular injury in the airways leading to the development of airway remodeling and, thus, 

worsening the persistent aspect of AHR. In individuals with asthma, the severity of AHR to MCh is 

associated with increased eosinophils and mast cells (Kirby et al., 1987; Porsbjerg et al., 2013; Brightling 

et al., 2002) and higher levels of exhaled nitric oxide, a biomarker for eosinophilic inflammation (Payne 

et al., 2001; Salome et al., 1999; Downie et al., 2007). Therefore, in asthma, the airway resides in a pro-

inflammatory environment, likely resulting in airway smooth muscle (ASM) and epithelial dysfunction 

and remodeling. Remodeling in asthma includes both structural changes such as ASM hyperplasia/ 

hypertrophy (James et al., 2012), subepithelial fibrosis and gland enlargement (Wilson and Li, 1997), and 

physiological changes such as changes in extracellular matrix composition and mucous hypersecretion 
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(Burgess, 2009). This results in airway wall thickening and consequently airway narrowing and AHR, 

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

Airway closure may also be a contributing factor in the development of airway remodeling. 

Recently, Oenema et al. (2013) demonstrated that bronchoconstriction-induced mechanical stress on 

airways in guinea pig lung slices promotes the release of transforming growth factor beta (TGF-β), a pro-

inflammatory cytokine that induces ASM remodeling. Mechanical stress is considered vital for airway 

development and maturation (Tschumperlin & Drazen, 2006) and repeated mechanical stimulation (such 

as during repeated asthma exacerbations or bronchoprovocation testing (Grainge et al., 2011)) could 

promote remodeling in individuals with asthma resulting in the worsening of AHR.  

Cough in Asthma 

Cough is a vital protective physiologic reflex that enhances the clearance of secretions and particles 

from the airways and protects the intrapulmonary and extrapulmonary tracts from the aspiration of 

irritants (Karlsson et al., 1988). According to the European Respiratory Society (ERS) guidelines (Morice 

et al., 2007), cough is defined as either: 

(i) a forced expiratory maneuver, usually against a closed glottis and which is associated with a 

characteristic explosive acoustic sound; or 

(ii) a three-phase expulsive motor act characterized by an inspiratory effort (inspiratory phase), 

followed by a forced expiratory effort against a closed glottis (compressive phase) and then 

by opening of the glottis and rapid expiratory airflow (expulsive phase). 

Although typically a protective airway clearance mechanism, cough can be harmful when dry, 

painful or traumatic. Such is the case with chronic cough, where cough lasts 8 weeks or more, and is 

associated with significant morbidity (Irwin et al., 2006). Cough variant asthma (CVA) is one of the most 

common causes of chronic cough (Corrao et al., 1979). Chronic cough may also be caused by other lower 

airway inflammatory conditions, such as eosinophilic bronchitis (EB), or atopic cough (Gibson et al., 

1989; Fujimura et al., 1992) or seemingly unrelated conditions such as gastro-esophageal reflux (GERD) 

and upper airway cough syndrome (UACS) (Irwin et al., 2006). Managing patients with chronic cough 
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can be clinically challenging as they may or may not respond to standard asthma treatment. Currently, the 

pathophysiological mechanism differentiating classic asthma (CA) and related disorders such as CVA, 

EB, and atopic cough remain elusive. 

Cough can be initiated either consciously or reflexively (Canning, 2002; Canning et al., 2006), 

through activation of vagal afferent nerves originating in the respiratory tract via mechanical stimulation 

and/or chemical irritation (Canning, 2002; Mazzone et al., 2003; Canning et al., 2006; Canning, 2010). 

Studies based on animal models have suggested that the vagal afferent nerve subtypes terminate and 

interact in the nucleus tractus solitarius within the brainstem, which acts as the central center to integrate 

the inputs and to coordinate cough (Canning, 2002; Mazzone et al., 2003). 

The afferent sensory nerves and receptors, particularly the small myelinated rapidly adapting 

(irritant) receptors (RARs) and the unmyelinated C-fibres have been linked to the human cough reflex 

(Widdicombe, 1995). Though the exact mechanisms are unknown, it is hypothesized that the up-

regulation of sensory nerves and receptors play an important role in the pathophysiology of chronic 

cough. This is supported by the presence of cough-reflex hypersensitivity to inhaled capsaicin in 

individuals with chronic cough and asthma (Choudry & Fuller, 1992), in individuals following an upper 

respiratory tract infection (URTI) (O’Connell et al., 1996), and in individuals with idiopathic cough 

(Karlsson et al., 1988). The potential mechanisms for the presence of cough-reflex hypersensitivity in 

asthma include eosinophil-mediated airway inflammation and mast cell activation (Niimi et al., 2013), 

both of which are fundamental in asthma.  

Eosinophils play a mechanistic role in the inflammatory response in asthma and are elevated in the 

blood, sputum, airway mucosa, and bronchoalveolar lavage fluid of individuals with asthma (Holgate, 

2008). As a potential source of inflammatory mediators, the presence of elevated eosinophils in asthma 

(Frigas & Gleich, 1986; Bochner et al., 1994; Ulrik, 1995) suggest eosinophil-mediated inflammation in 

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

(1997) reported that eosinophils selectively localize to airway nerves. Eosinophil localization promotes 

the release of eosinophil granule proteins (Kingham et al., 2002) and thus, the sensitization of the cough 
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sensory neurons (Gu et al., 2008). Furthermore, the epithelial damage caused by eosinophil infiltration 

has been associated with AHR in asthma (Beasley et al., 1989) and cough-reflex hypersensitivity in 

patients with chronic cough without asthma (Niimi et al., 2005). Similarly, elevation of activated mast 

cells in the airways of individuals with CA, CVA, and chronic cough without asthma is thought to be 

involved in the development of AHR and/or chronic cough (McGarvey et al., 1999; Brightling et al., 

2002; Niimi et al., 2005).  

With emerging evidence of goblet cell hyperplasia, sub-epithelial fibrosis, and increased 

vascularity in patients with cough with or without asthma (Niimi et al., 2005), it is possible that chronic 

cough may be related to airway remodeling. Niimi and colleagues (2005) also found that patients with 

chronic cough without asthma had increased ASM thickness, further indicating the presence of airway 

remodeling in this patient population. Additionally, the presence of airway remodeling is thought to be 

associated with the development of cough reflex hypersensitivity (Matsumoto et al., 2007). Consequently, 

there may be a vicious cycle between cough and airway remodeling (Niimi, 2011). 

Bronchoconstriction is also thought to trigger cough during MCh and histamine challenges in 

individuals with CA and CVA because the cough often resolves with bronchodilator therapy (Corrao et 

al., 1979; Fujimura et al., 1994). Both agonists act on the ASM to induce bronchoconstriction; however, 

hypertonic histamine can also activate airway sensory nerves resulting from osmolarity/cell volume 

changes (Koskela et al., 2005). An increase in osmolarity may result in TRPV-1 channel activation on C-

fibres to initiate cough through an indirect mechanism (Koskela et al., 2005). Bronchoconstriction-

triggered cough is likely due to the activation of RARs (Koskela et al., 2005; Ohkura et al., 2010), and 

not cough receptors since they are insensitive to changes in ASM tone and pressure (Canning et al., 2004; 

Mazzone et al., 2009; Canning, 2010). However, many individuals without asthma cough during MCh 

challenge despite no significant bronchoconstriction (determined by a decrease in FEV1) (Ohkura et al., 

2009), which suggests that cough may be the result of a complex combination of the underlying 

heightened cough-reflex sensitivity and the induced bronchoconstriction. 
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Cough Variant Asthma 

Although asthma is a well-recognized condition, differences in clinical presentations of asthma 

pose a challenge for diagnosis and management. When cough is the sole or predominant symptom of 

asthma, this is termed as CVA (Glauser, 1972; McFadden, 1975; Corrao et al., 1979). Despite being more 

common in children, CVA is one of the most common causes of chronic cough in adults and children 

alike (Holinger, 1986; Irwin et al., 1990). CVA is typically diagnosed when individuals with chronic 

cough demonstrate AHR to nonspecific stimuli (such as MCh) and report resolution of their cough with 

standard asthma therapy (Irwin et al., 2006). However, bronchoprovocation testing is not routinely readily 

available or affordable. In such scenarios, a response to a trial of ICS is interpreted as evidence of CVA 

diagnosis (Irwin et al., 2006). While practical, this approach often leads to over-diagnosis of CVA 

because chronic cough from other lower airway inflammatory conditions, such as EB, or atopic cough 

also responds to steroid treatment (Irwin et al., 1997; Fujimura et al., 2003; Brightling, 2006). 

CVA and CA share several similar pathologic characteristics, such as airway inflammation with 

elevated mucosal eosinophils (Niimi et al., 2005) and structural changes such as sub-epithelial thickening, 

goblet cell hyperplasia and vascular proliferation (Fujimara et al., 1994; Niimi et al., 2000; Irwin et al., 

2006). In a study comparing bronchoalveolar lavage fluid and bronchial biopsies in individuals with CVA 

and CA, Niimi and colleagues (2005) reported that both groups of patients had significantly elevated 

eosinophil counts despite lower sub-epithelial thickening in CVA patients. Induced sputum counts from 

CVA, CA and healthy individuals detected higher eosinophil counts in individuals with CA than those 

with CVA or healthy volunteers, although the mean percentage was comparable in the two asthma subsets 

and was found to be independent of AHR (Okada et al., 2001). Similarly, the presence of structural 

changes in chronic cough patients without asthma, although to a lesser degree, may indicate the role of 

long-term mechanical stimulation by coughing (Niimi et al., 2000; Irwin et al., 2006). 

Several studies are consistent with the notion that CVA patients may have a ‘milder’ form of the 

disease with a lower risk of severe bronchoconstriction or life-threatening asthma (Matsumoto et al., 

2009; Kang et al., 2005). Based on responses to high-dose MCh challenge testing in patients with CA and 
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CVA (Kang et al., 2005; Yoo et al., 2004), individuals with CVA are less responsive to MCh than 

individuals with asthma. Individuals with CVA have been found to be 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 

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.  

Many adults and children with CVA eventually manifest the classic signs of asthma. However, the 

proportion of children who develop symptoms of episodic wheezing and dyspnea is higher, compared to 

adults (Antoniu et al., 2007; Redington, 2005). In pediatric CVA, severe AHR and a higher sputum 

eosinophil count have been linked to the development of CA (Koh et al., 2002). Studies have shown long-

term therapy with ICS to be associated with a lower risk of asthma development (Fujimara et al., 2005; 

Nakajima et al., 2005). In a study predicting progression from CVA to typical asthma in patients taking or 

not taking ICS, it was found that 7% of patients taking ICS and 36% patients not taking ICS developed 

CA symptoms (Nakajima et al., 2005). In children, early age of CVA onset was found to be a major risk 

factor for progression to CA (Todokuro et al., 2003). In adults, both earlier age of onset and ICS therapy 

were found to be predictors of cough remission and wheezing development (Matsuoto et al., 2006). 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. 

Methacholine 

Bronchoprovocation testing began in the 1940s when Robert Tiffenenau developed new technology 

to measure expiratory flow rates and used the same to perform bronchoconstrictor challenges with 

acetylcholine. In the following decades, there has been a proliferation of different methods for measuring 

airway responsiveness using direct and indirect agonists. Currently, MCh is the only direct stimulus 

approved for clinical use in North America. Although histamine and MCh produce near identical airway 

responsiveness on a milligram for milligram basis (Crapo et al., 2000), histamine is infrequently used 
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because of the associated systemic side effects, including headache, flushing, hoarseness, cough and the 

occasional syncope.  

MCh (Provocholine®) is a parasympathomimetic synthetic analog of acetylcholine, which causes 

bronchoconstriction by stimulating the M3 muscarinic receptors on ASM (Roffel et al., 1990). MCh is 

used to assess AHR, a cardinal feature of symptomatic asthma and CVA. The absence of AHR is 

considered clinically useful to exclude the presence of asthma i.e. it possesses a high negative predictive 

value (Crapo et al., 2000). 

As per the American Thoracic Society (ATS) guidelines, MCh can be administered through two 

standardized protocols: (i) the five-breath dosimeter method; and (ii) the 2-minute tidal breathing method 

(Ryan et al., 1981; Crapo et al., 2000). Unlike the tidal breathing method, the dosimeter method involves 

maximal lung inflations to total lung capacity (TLC), referred to as deep inspirations (DIs), at each MCh 

dose (Crapo et al., 2000). The additional DIs required during the dosimeter protocol induce 

bronchoprotective and bronchodilatory effects in individuals with asthma and mild AHR (Todd et al., 

2004; Allen et al., 2005). Thus, the tidal breathing method produces a greater response and is a more 

sensitive test compared to the dosimeter method (Allen et al., 2005).   

Using the tidal breathing method (ATS guidelines), a positive MCh inhalation challenge is defined 

as a response in which the provocative concentration of MCh that elicits a 20% decline in FEV1 or more 

from baseline (PC20) from control (isotonic saline) is ≤ 16 mg/mL (Crapo et al., 2000). After a positive 

response, bronchodilators (e.g. inhaled salbutamol) are administered until the FEV1 is within 10% of the 

baseline value (Crapo et al., 2000). Low-dose MCh challenges administer doses ranging from 0.03 - 16 

mg/mL and are approved by Health Canada to clinically assess AHR. To classify normal versus AHR, 

thresholds have been adopted for both methods. According to ATS guidelines, a MCh PC20 >16 mg/mL is 

considered normal; 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 <0.25 mg/mL is considered indicative of severe AHR (Crapo et al., 2000). 

High-dose MCh challenges administer doses up to 256 mg/mL (Sterk et al., 1985a, b), and are typically 

used for research purposes (Cockcroft, 2010). 
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Methacholine-induced Cough 

MCh-induced cough is a common observation thought to be triggered by the bronchoconstriction 

induced by MCh (Ohkura et al., 2009). In 2010, Okhura et al. demonstrated that individuals with 

moderate or severe asthma have greater AHR, but an impaired cough response during high-dose MCh 

compared to healthy individuals without asthma. Furthermore, individuals with CVA are less sensitive, 

less reactive and wheeze less during MCh challenge compared to individuals with CA; however, they 

cough more frequently during the challenge (Matsumoto et al., 2009).  

Lougheed et al. (2007, 2009) have identified a group of individuals with chronic cough (suspected 

CVA) who cough during high-dose MCh challenge (COUGH), but have normal airway sensitivity (PC20 

>16 mg/mL i.e. do not meet the diagnostic criteria for CA or CVA). The individuals developed significant 

reductions in mid-to-late flows, dynamic hyperinflation and increase in esophageal pressures (Pes) prior 

to a cough, which partially resolved following a DI and cough (Lougheed et al., 2012b; Wasilewski et al., 

2016). Individuals with COUGH also coughed more frequently during the MCh challenge compared to 

individuals with CA (Wasilewski et al., 2016). It is thought that the partial normalization of end-

expiratory Pes and flows after a cough is associated the bronchoprotective effect of a DI. Similarly, 

Ohkura and colleagues (2009) demonstrated that MCh-induced cough in healthy individuals without 

asthma was associated with the bronchodilating effect of a DI. This effect is either absent or impaired in 

individuals with asthma (Brown et al., 2001; Scichilone et al., 2005). 

We speculate that asthma and related conditions such as CVA, EB, and COUGH reflect a 

continuum of symptoms, rather than independent conditions and that assessing the preservation or loss of 

the bronchoprotective and bronchodilating effect of a DI will help to elucidate the pathophysiologic 

mechanisms distinguishing the conditions (Figure 1) (Lougheed et al., 2012b).  

Deep Inspirations 

Nadel and Tierney (1961) first reported the effect of DIs on pulmonary function of healthy adults at 

rest and during pharmacologically-induced bronchoconstriction. Though no alteration was observed 
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during control measurements, they found that an inhalation to total lung capacity transiently reduced 

airway resistance when bronchoconstriction was present. Several subsequent studies have demonstrated 

that DIs transiently open contracted airways, and can partially reverse airflow limitation and improve lung 

volumes in healthy individuals (Brusasco et al., 1999; Scichilone et al., 2000; Crimi et al., 2008). Data 

from similar populations suggests this phenomenon also occurs during mannitol challenge testing 

(Turcotte et al., 2011; Turcotte & Lougheed, 2011). This is thought to be due to the combination of the 

bronchoprotective and bronchodilating effects of a DI, where an increase in the lung volume during a DI 

results in bronchodilation, followed by a refractoriness to bronchoconstriction. 

Bronchodilating Effect of Deep Inspirations 

The functional effect of DI-induced reduction in bronchoconstriction is commonly known as the 

bronchodilating effect of a DI (Nadel and Tierney, 1961). In healthy individuals, a DI dilates previously 

contracted airways and maintains airway patency (Brusasco et al., 1999; Scichilone et al., 2000; Crimi et 

al., 2008). Fish et al. (1981) used differences in partial and maximal mid-expiratory flows to show that in 

individuals with hay fever, but not asthma, a DI can reduce and even abolish MCh-induced 

bronchoconstriction. However, the bronchodilatory effect is either absent or impaired in individuals with 

asthma; minimally affected in individuals with mild asthma (Brown et al., 1995) and decreases with 

increasing severity of asthma (Scichilone et al., 2005; Scichilone et al., 2007). Moreover, Scichilone and 

colleagues (2007) found that the bronchodilatory ability of a DI is significantly correlated with the rate of 

asthma exacerbations over a period of 6 months, implying that low bronchodilatory function is a sign of 

asthma instability.  

Brown and colleagues (2001) used high-resolution computed tomography (HRCT) to observe that 

in MCh-induced constriction, a DI initiated further bronchoconstriction in individuals with asthma, unlike 

healthy individuals where a DI caused bronchodilation. They concluded that individuals with asthma have 

increased ASM reactivity, which appears to counteract the bronchodilating effect and induce further 

bronchoconstriction (Brown et al., 2001). It is likely that AHR in asthma might be a result of this 

impaired ability of DI to stretch the constricted smooth muscle and dilate the airways. Airway 
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remodelling in asthma is associated with increased airway wall thickness due to hyperplasia and 

hypertrophy of ASM (Ebina et al., 1993). Scichilone and colleagues (2004) have suggested that the 

increased airway wall thickness could increase airway stiffness and oppose airway distension making the 

airway resistant to stretch. Using HRCT performed at functional residual capacity (FRC) and TLC, they 

found that in individuals with severe asthma (FEV1<70% predicted) airway distensibility by lung inflation 

was greatly reduced, and that low distensibility was strongly correlated with a low ability to bronchodilate 

with DIs (Scichilone et al., 2004).  

The observation that the bronchodilating effect is related to airway distensibility implies that it is 

dependent on conditions affecting distensibility, such as airway calibre and intact parenchymal tissue. 

Since airway calibre is dependent on changes in lung volume, it is thought that the beneficial effects of 

DIs are mediated by the radial traction holding airway walls in place due to the interdependence between 

the airways and the surrounding parenchyma (Pellegrino et al., 1991; Pellegrino et al., 1998). This, in 

turn, depends on the elastic recoil properties of the lung (due to the elastic connective tissue) (Scichilone 

et al., 2004a). Therefore, an intact parenchymal tissue is required for the beneficial effects of DIs and any 

disruption (e.g., destruction of alveolar attachments) would interfere with these effects. Additionally, the 

reduction of elastic recoil in asthma could weaken the radial traction of the airway walls and facilitate 

airway closure (Mansell et al., 1974; Freedman et al., 1975). This is consistent with the absence of DI-

induced bronchodilation in individuals with abnormal lung parenchyma, such as in emphysema and 

COPD (Scichilone et al., 2004b). Similarly, the bronchodilating effect is reduced with aging, and it is 

thought the mechanism to be of the same nature as that in emphysema and COPD (Scichilone et al., 

2004a).  

Although there is little evidence that asthma is associated with changes similar to emphysema or 

COPD (Gelb et al., 2002), wall thickening and inflammation in asthma is thought to reduce the 

parenchymal-tethering forces (e.g., edema). It is likely that airways in asthma are associated with an 

increased airway tone, which can stiffen ASM and reduce distensibility. Consequently, due to high 

opening pressures, these airways do not distend during a DI and the bronchodilating effect is impaired 
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(Gunst et al., 1988). The lack of airway distensibility can also be produced by gas trapping. At higher 

lung volumes, airways are already distended, so that the stretch produced by a DI is reduced (Scichilone 

et al., 2000). 

Another hypothesized mechanism for the bronchodilating effect is related to the dynamic load 

against which ASM contracts. Each breath exerts a distending force on intrapulmonary airways and 

stretches the ASM. Therefore, during bronchoconstriction, a DI would relengthen the contracted ASM 

thereby partially reversing the constriction. However, this bronchoconstriction–induced muscle 

relengthening is thought to equilibrate ASM dynamically in a way that the force generated by the muscle 

is less than the predicted value (Latourelle et al., 1985; Wang et al., 1985). In asthma, ASM hypertrophy 

(Ebina et al., 1993; Woodruff et al., 2004), increased airway wall thickness (James et al., 2002), and 

decreased lung recoil (Ding et al., 1987; Gelb et al., 2002) limit the tidal stretch of the contracted ASM. 

This results in an overall stiffening of the ASM to a point that it virtually freezes (Fredberg et al., 1996; 

Venegas et al., 2005; Winkler and Venegas, 2011) and no longer stretches with each breath. At this point, 

the ASM becomes resistant to the beneficial effects of DIs and hypothesized to be “stuck in a shortened 

state” until either the contractile stimulus is removed or bronchodilator drugs take effect (Venegas et al., 

2005; Winkler and Venegas, 2011). 

Bronchoprotective Effect of Deep Inspirations 

DIs also can protect the airways against subsequent bronchoconstriction. Malmberg and colleagues 

(1993) reported that DIs before MCh inhalation in healthy adults resulted in significantly greater FEV1 

measurements 2, 3, 4 or 6 minutes after dosing as compared to measurements recorded at the same times 

without previous DIs. Several studies confirmed this protective response and showed that prohibiting DIs 

before a bronchial challenge increased the response to MCh in healthy adults (Skloot et al., 1995; Kapsali 

et al., 2000; Scichilone et al., 2000). Subsequently, Kapsali et al. (2000) showed that five DIs provide 

more airway protection to MCh as compared with two DIs. They described this as the bronchoprotective 

effect of a DI wherein an increased lung volume “triggers a process that renders the ASM resistant to 

contractile stimuli” (Kapsali et al., 2000). Furthermore, this bronchoprotective effect was transient – DIs 
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preceding MCh challenge significantly blunted the fall in FEV1 and FVC if measurements were taken one 

minute after MCh inhalation, but the effect was abolished if measurements were taken 10 or more 

minutes after MCh inhalation (Crimi et al., 2000). However, this effect is absent in individuals with 

asthma (Crimi et al., 2000; Kapsali et al., 2000), though some individuals with mild AHR still retain 

some bronchoprotection (Scichilone et al., 2000). Consequently, it is thought that the preservation versus 

impairment/loss of the bronchoprotective effect may be involved in the development of AHR and asthma.  

Recently, Wong et al. (2012) used the forced oscillation technique (FOT) in mice to show that DIs 

prior to MCh challenge placed a greater load on the pulmonary system by enhancing the amount of 

bronchoconstriction produced and increasing ventilation heterogeneity. This, in turn, offsets the beneficial 

bronchodilatory effects of the DIs. Although the exact mechanisms underlying DI-induced 

bronchoprotection are not known, it is possible that a similar situation happens in humans with asthma, 

whereby the interaction between these opposing physiological and mechanical changes result in enhanced 

bronchoconstriction. A study by Chapman et al. (2010) used FOT to pinpoint that the bronchoprotection 

was mediated predominantly in peripheral airways. They concluded that the significant fall in FVC, but 

not in FEV1/FVC in individuals without asthma when DIs were avoided, was suggestive of higher airway 

closure. This raises the possibility that in asthma, avoiding DIs somehow ‘primes’ the peripheral airways 

for an increased response to a bronchial challenge. It is postulated that this results from a ventilation 

differential when avoiding DIs – airflow is preferentially distributed to larger airways, thereby reducing 

small airway calibre. Chapmen et al. (2011) confirmed this in a subsequent study when they found that DI 

avoidance increased baseline ventilation heterogeneity in peripheral regions of the lung in individuals 

without asthma.  

In individuals with asthma, uneven airway remodelling due to airway inflammation may result in 

permanent ventilation heterogeneity that persists after DIs. Avoiding DIs would prevent surfactant 

release, causing increased surface tension and consequently increased airway narrowing and collapse 

(Chapman et al., 2009; Hohlfeld et al., 2004). In support of this theory, expiration to residual volume 

(RV) rather than FRC has been found to abolish the bronchoprotective effect (Chapman et al., 2009).     
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Impulse Oscillometry 

Spirometry, one of the most common pulmonary function tests (PFTs), is the gold standard 

diagnostic test to assess respiratory mechanics and physiology in both children (≥6 years) and adults with 

suspected respiratory disease. The forced vital capacity (FVC) maneuver can provide information about 

both the large and small airways through the measurement of FEV1, FVC, the FEV1/FVC ratio and forced 

expiratory flow at representative percentages of the FVC (Miller et al., 2005). FEV1 measurements are 

thought to primarily assess the proximal large airways. The measurements are reproducible within 

individuals, are sensitive to airway obstruction in bronchial provocation challenges (Gaensler, 1951) and 

are used to clinically determine pulmonary function (Miller et al., 2005). Mid-to-late expiratory flows, i.e. 

forced expiratory flow (FEF) between 25% and 75% of the FVC (FEF25-75) and FEF at 50% of the FVC 

(FEF50) are thought to assess the peripheral small airways (Lapp & Hyatt, 1967; McFadden & Linden, 

1972). Decreased mid-to late expiratory flows are apparent as a concavity in the terminal portion of the 

expiration of the flow-volume curve potentially due to obstruction in the peripheral airways. However, 

these are not as reproducible as FEV1 especially if FVC is changed and have been shown to be inadequate 

as indices of peripheral small airway disease (Sorkness et al., 2008). Thus, mid-to-late expiratory flow 

measurements are not regarded as clinically useful, compared to FEV1 (Light et al., 1977; Light et al., 

1991).  

Recently, several studies have detected diagnostic inconsistencies in the spirometry measurements 

and development of asthma-like symptoms. After the 9/11 World Trade Center attack, Berger et al. 

(2013) found that cleanup workers and firefighters who were exposed to toxic fumes in the aftermath 

developed persistent respiratory symptoms suggestive of airway disease, despite normal FEV1 and mid-

to-late expiratory flow measurements. Since spirometry (i.e. an FVC maneuver) involves a DI, there is a 

possibility that the bronchodilating and bronchoprotective effects of DIs may confound the results. In a 

constricted airway, an inhalation to TLC transiently distends airways and produces refractoriness to 

subsequent bronchoconstriction. It is reasonable to think that results obtained during a maximal expiratory 

maneuver would be a combination of the ASM response to the contractile stimulus and the airway wall 
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response to a DI. The spirometry measurements also heavily rely on the patient's ability to perform the 

forced expiratory maneuver, which is difficult for children and elderly patients (Carvalhaes-Neto et al., 

1995).  

First described by Dubois et al. (1956), FOT is an impedance oscillometry technique that assesses 

the mechanical properties of the respiratory system by measuring respiratory impedance (resistance and 

reactance) associated with sinusoidal pressure oscillations superimposed over an individual’s spontaneous 

breathing (LaPrad & Lutchen, 2008). Impulse oscillometry (IOS) is a commercially available version of 

FOT. The classical FOT utilizes sinusoidal oscillations using a single frequency or pseudo-random 

fluctuating frequency between 2 - 18 Hz (DuBois et al., 1956) whereas, IOS uses rectangular pressure 

waves that generate a continuous spectrum of frequencies (Hellinckx et al., 2001) to separately quantify 

the degree of obstruction in the central and peripheral airways (Goldman et al., 2005). The pressure 

waves are applied at a fixed (square wave) frequency of 5 Hz, from which all other frequencies of interest 

are derived. Low-frequency signals (5 Hz) are transmitted to the peripheral airways, whereas high-

frequency signals (20 Hz) are extinguished in the proximal airways (Frantz & Close, 1985; Bates et al., 

2011). Therefore, the resistance measured at low frequencies (R5) would reflect total airway resistance, 

whereas high frequencies (R20) would predominantly reflect resistance proximal airway resistance and 

the difference between the two would reflect peripheral airway resistance (R5-R20). In adults, only 20% 

of the resistance is contributed by small airways (<2 mm in diameter) mainly because of the high total 

cross-sectional area of small airways (Hogg et al., 1970; Mead, 1970). However, in children, the 

contribution of small airways is much higher than in adults (Hogg et al., 1970; Mead, 1970). During 

induced bronchoconstriction in healthy individuals, resistance increases independent of the frequency, i.e. 

equivalent increases in R5 and R20 (Komarow et al., 2011). However, a frequency-dependent increase in 

resistance (i.e. increase in R5-R20) is indicative of disease isolated to the distal airways (Komarow et al., 

2011). In children, baseline frequency-dependent changes in resistance are inversely proportional to age, 

i.e. the younger the child, the greater R5-R20 (Komarow et al., 2011). 
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The reactance values reflect lung compliance and inertive properties, out of which changes in 

compliance are considered clinically important for obstructive airway diseases, such as asthma (MacLeod 

& Birch, 2001). Reactance expressed at 5 Hz (X5) is a negative value, and as compliance decreases, X5 

becomes more and more negative. In asthma, compliance is generally normal based on the lung pressure-

volume relationships (Brown et al., 2007), reductions in reactance have been related to greater peripheral 

airway closure and heterogeneity as seen in poorly controlled asthma (Lutchen et al., 1996; Kelly et al., 

2013).  

Other variables that can be determined from IOS are the resonant frequency (fres) and the reactance 

area (AX). fres is the unique frequency at which the inertial properties of airway and the capacitance of 

lung periphery become equal i.e., total reactance is zero. The normal value of fres in adults is 

approximately 6 - 11 Hz (Goldman et al., 2005). In asthma, fres is higher than normal due to higher X5 

(more negative) at low frequencies. AX is the integrated low frequency reactance from 5 Hz to the fres 

(Saadeh et al., 2003), and corresponds to the area below the zero-reactance line and above the X-

frequency tracing, with its vertex at fres. AX is considered normal when it is ≤ 0.33 kPa/L (Goldman et 

al., 2005), and increases in any pathology of the distal airways.  

Compared to spirometry, IOS is quick (each trial takes 20-90 s to complete), non-invasive, does not 

require any special respiratory maneuvers, and can be used in patients when spirometry is contraindicated 

(Vink et al., 2003). IOS has been used in MCh bronchoprovocation testing to assess AHR in asthma. 

Pairon et al. (1994) conducted MCh challenge tests in 119 individuals with normal baseline pulmonary 

function using FOT and spirometry. They found that FEV1 measures throughout the MCh challenge were 

significantly correlated to changes in airway resistance, fres, and frequency dependence of resistance 

measures. It is expected that a typical response to MCh bronchoprovocation would be an increase in R5, 

R20 and fres, and a decrease in X5 (Bailly et al., 2011). Bailly et al. (2011) have found X5 to be a 

sensitive parameter for identifying AHR, with a 20% decrease in FEV1 is equivalent to 50% decrease in 

X5. Schulze et al. (2012) showed that IOS can be used to detect significant increases in resistance at 
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lower MCh doses before an FEV1 response can be detected, suggesting the IOS techniques are more 

sensitive than spirometry. 

Several studies have used IOS to demonstrate reversible obstruction and positive bronchodilator 

response in asthma (Marotta et al., 2003; Song et al., 2008). A decrease in R5 by 30 - 35% is considered 

as a positive bronchodilator response (Marotta et al., 2003; Song et al., 2008). IOS has also been shown 

to be effective in monitoring asthma. Shi et al. (2013) compared baseline spirometry and IOS parameters 

between children with uncontrolled and controlled asthma. They found no difference in baseline 

spirometry, except small differences in FEV1/FVC. In contrast, the use of IOS showed the frequency 

dependence of resistance (R5-R20), R5 and AX were significantly different between the two groups (Shi 

et al., 2013). They also reported that baseline R5-R20 and AX measures effectively predicted asthma 

control at follow-up clinic visits (Shi et al., 2013). The results have been previously confirmed by another 

study comparing 4-year-old children with a clinical history of asthma with children without asthma 

(Marotta et al., 2003). Follow-up in children from this study showed that daily use of anti-inflammatory 

treatment with ICS was strongly correlated with improvements in AX, an effect not detected by 

spirometry (Larsen et al., 2009). 

Because IOS does not require the maximal or forced expiratory maneuvers needed to generate 

spirometric data, it likely does not affect ASM tone (Navajas & Farre, 2001). We believe that this makes 

IOS particularly valuable since it allows us to assess the distal airway function (Chapman et al., 2009) 

without a DI, potentially teasing out the significance of the bronchoprotective and bronchodilating effects 

of a DI. 

Summary 

The pathophysiologic differences between asthma and related conditions, such as CVA and 

COUGH are not fully understood. MCh, a direct agonist that acts on the M3 muscarinic receptors on 

ASM to initiate bronchoconstriction, is used clinically to assess the presence of AHR. Cough during MCh 

challenges is a common observation and is thought to be triggered by the induced bronchoconstriction. 

Recent investigations have found that MCh-induced cough is preceded by development of significant 
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reductions in mid-to-late expiratory flows, dynamic hyperinflation, gas trapping and increase in Pes 

(Lougheed & Fisher, 2007; Lougheed et al., 2009). The induced changes partially resolve with a DI and 

cough in individuals with normal airway sensitivity (PC20 >16 mg/mL MCh) who do not meet the 

standard diagnostic features for either CA or CVA. This is thought to be due to the combination of the 

bronchoprotective and bronchodilating effects of DI (Ohkura et al., 2009), where an inhalation to TLC 

dilates the airways to minimize airflow limitation and subsequently protects against bronchoconstriction.  

However, individuals with AHR experience either a loss or an impairment of these functional 

responses to DIs. Studies have found that the bronchoprotective effect is absent in individuals with 

asthma (Kapsali et al., 2000; Scichilone et al., 2000; Crimi et al., 2002), and bronchodilating is either 

absent or impaired individuals with asthma – affected minimally in mild asthma (Brown et al., 1995) and 

decreases with increasing severity of asthma (Scichilone et al., 2005). It has been postulated that the 

preservation versus loss of this beneficial bronchodilatory response to DIs may reflect a fundamental 

physiological difference between asthma and related airway conditions. Understanding the clinical 

relevance of COUGH in terms of the beneficial and protective effects of DIs is crucially dependent on 

defining the normal pulmonary responses to high-dose MCh and DIs in healthy individuals (without 

asthma, chronic cough or asymptomatic AHR). 

Research Aim 

The purpose of this research is to: 

1) characterize the sensory-mechanical responses to high-dose MCh and the effect of DIs in healthy 

individuals (without asthma, chronic cough or asymptomatic AHR), and 

2) differentiate the sensory-mechanical responses to high-dose MCh and the effect of DIs in healthy 

individuals by comparing them to individuals with CA, CVA and COUGH.  
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Hypotheses 

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

versus loss of the bronchodilating and bronchoprotective effects of DIs (Figure 1). Thus, we hypothesized 

that: 

1) healthy individuals will not develop significant cough, dyspnea, bronchoconstriction, reductions 

in mid-to-late expiratory flows or dynamic hyperinflation and gas trapping during high-dose MCh 

challenge, and 

2) the bronchodilating effect of a DI will be: (a) absent or impaired in individuals with CA; (b) 

impaired in individuals with CVA and COUGH; and (c) preserved in healthy individuals (without 

asthma, chronic cough or asymptomatic AHR).  

Research Questions and Objective 

1. Do healthy individuals without a history of asthma, allergies, rhinitis/sinusitis, eczema and/or 

chronic cough, develop symptoms (cough and/or dyspnea), bronchoconstriction, or dynamic 

hyperinflation during traditional high-dose MCh bronchoprovocation testing?  

The outcome measures are Borg scores for dyspnea (overall, inspiratory difficulty, expiratory 

difficulty), cough counts (manual/recorded count), and changes in flow (FEV1, FEF25-75, PEF) and 

lung volumes (IC, RV, EELV, FRC and FVC) at each MCh dose, at PC20 (if participants show a 

reduction in FEV1>20%) and at the maximum administered dose of MCh (MAX). Differences 

between baseline and PC20 or MAX will be determined by paired t-tests. 

2. Do healthy individuals without a history of asthma, allergies, rhinitis/sinusitis, eczema and/or 

chronic cough, have a preserved bronchodilating effect of DI? 

The mid-expiratory flows recorded at PC20 (if participants show a reduction in FEV1>20%) and at 

MAX are the primary outcome measures. The bronchodilating effect of a DI will be determined by 

calculating a DI index using the expiratory flows from the partial and full flow-volume loops at 40% 
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above RV from the FVC (PEF40 and MEF40, respectively) at MAX, compared to baseline (Ohkura et 

al., 2010). Differences between baseline and PC20 or MAX will be determined by paired t-tests.  

3. Are there differences in the bronchodilating effect of DIs among healthy individuals and 

individuals with CA, CVA and COUGH? 

The mid-expiratory flows recorded at MAX (for CA, CVA, COUGH and healthy individuals) to MCh 

are the primary outcome measures. The bronchodilating effect of a DI will be determined by 

calculating a DI index in all four groups by using PEF40 and MEF40 at MAX (Ohkura et al., 2010). 

Differences between groups will be determined by ANOVA.  
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Figure 1. Theoretical continuum of disorders of airway responsiveness, and the bronchoprotective and 

bronchodilating effect of deep inspirations.  CA = classic asthma; CVA = cough variant asthma; COUGH 

= methacholine-induced cough with normal airway sensitivity; EB = eosinophilic bronchitis. (Adapted 

from Lougheed et al., 2012b).  
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Chapter 2 

Materials and Methods 

Participants 

Individuals aged 18-65 years of age with no history of asthma, allergies (seasonal or otherwise), 

rhinitis/sinusitis, eczema and/or chronic cough were recruited from the Kingston population using print 

advertisements. Participant eligibility was verified at Visit 1 (after informed consent, prior to testing) by 

detailed history and completion of the screening form (Appendix E). The exclusion criteria were:  

a) inability to perform acceptable quality spirometry; 

b) medical contraindications to MCh challenge testing (Crapo et al., 2000), including:  

a. myocardial infarction or cerebral vascular accident in the last 3 months 

b. uncontrolled hypertension, systolic BP >200 or diastolic BP >100 

c. uncontrolled hyperthyroidism 

d. known aortic aneurysm 

e. moderate airflow limitation (FEV1 <60% predicted or <1.5 L) 

f. current use of cholinesterase inhibitor medication (for myasthenia gravis)  

g. pregnant or nursing women 

c) smoking history >10 pack years (packs per day × years as a smoker); or 

d) asymptomatic AHR to MCh (PC20 ≤16mg/mL). 

Ethics clearance was obtained from the Queen’s University Health Sciences Research Ethics 

Board (HSREB) (Appendix A, Appendix B), and a Letter of No Objection was received by Health 

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

(Appendix C) (Clinical Trials Registry Number: NCT01659476).  
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Study Design 

This is a randomized, unblinded cross-over experimental design. Participants attended 2 visits 

(Figure 2) to the laboratory, at the same time of day to undergo high-dose MCh bronchoprovocation tests. 

The visits were separated by at least 48 hours and completed within 2 weeks. The detailed study design is 

illustrated in Figure 3. 

First Visit 

After obtaining informed consent, participants completed the screening form, including the self-

administered comorbidity questionnaire (SCQ) (Sangha et al., 2003) (Appendix E). Participants had their 

exhaled fraction of nitric oxide (FeNO) measured to assess airway inflammation if present. The 

participants then underwent baseline pulmonary function testing, including spirometry (Miller et al., 

2005), body plethysmography to determine lung volumes (Rodenstein & Stanescu, 1983), and IOS 

(Oostveen et al., 2003; Borrill et al., 2005). At baseline, IOS values were measured before and after a 10-

minute period of DI Avoidance (Figure 3) to determine whether DI avoidance would directly affect 

airway calibre.  

Participants were randomized to perform either:  

(i) a traditional high-dose MCh challenge test using maximal-flow volume (MEFV) curves; or  

(ii) a modified high-dose MCh challenge using IOS and partial and maximal-flow volume 

(PEFV/MEFV) curves,  

at each dose step to a maximum change (Δ) in FEV1 of 50% from baseline.  

Second Visit 

Participants performed the second protocol based on their randomization (Figure 3), either: (i) a 

modified high-dose MCh challenge using IOS and PEFV/MEFV curves; or (ii) a traditional high-dose 

MCh challenge test using MEFV curves at each dose step to a maximum change (Δ) in FEV1 of 50% 

from baseline 
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Figure 2. Study design.  FeNO = fraction of exhaled nitric oxide; IOS = impulse oscillometry; MCh = 

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

curve; SCQ = self-administered comorbidity questionnaire.  

 

 

 

Figure 3. Detailed study design.  IOS = impulse oscillometry; MAX = Maximum administered dose of 

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

flow volume curve. 

 

 

Randomization
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(FeNO)

Baseline: Modified Borg score, 
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impulse oscillometry (IOS) and 

cough count
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MCh Challenge 



 25 

 

 

Figure 4. Difference between the traditional and modified high-dose methacholine protocol design.  IOS 

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

partial expiratory flow volume curve.  

Traditional High-Dose 
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MCh Dose inhalation 
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MCh Dose inhalation 
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IOS measurement

PEFV/MEFV loop

Rest period

Next MCh dose
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Methacholine Bronchoprovocation Testing 

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

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

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

1985). Participants inhaled MCh doses from a Wright RX 160 nebulizer (Roxon Medi-Tech, Montreal, 

QC, Canada) for 2 minutes while seated upright. Isotonic saline (0.9%) was first administered as a 

control, followed by doses ranging from 1-256 mg/mL administered within approximately 5 minute 

intervals of each other (Crapo et al., 2000). Additionally, when %∆FEV1 was <5% in response to a MCh 

dose, the next concentration was omitted until 16mg/mL (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. 

During the modified high-dose MCh bronchoprovocation protocol, single IOS measurement was obtained 

immediately after the dose of MCh, followed by PEFV/MEFV maneuvers according to a published 

method (Sterk et al., 1985). 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 participant 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 

PC20 from baseline was interpolated from log10 dose-response curves. 

Measurements 

Self-Administered Comorbidity Questionnaire 

Participants completed the SCQ (Appendix E) on the first visit to assess comorbidities. It is a valid,  
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reproducible measure of comorbid conditions that has moderately strong associations with standard 

medical record-based comorbidity measures (Sangha et al., 2003). 

Exhaled Nitric Oxide Measurement 

The FeNO was measured according to ATS and ERS Task Force standards (Dweik et al., 2011), 

using NIOX MINO® (Aerocrine AB, Solna, Sweden). FeNO measurements were performed prior to the 

MCh challenge test to avoid confounding of results. After inhaling room air, participants exhale from 

TLC (without nose clips) into the NIOX MINO® device. 

Pulmonary Function Testing 

Spirometry (FEV1, FVC, PEF, FEF25-75) was performed in accord with ATS/ERS standards (Miller 

et al., 2005), using Vmax V62J Autobox (CareFusion, Yorba Linda, CA). Baseline 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). Inspiratory 

capacity (IC) was measured from the flow-volume loop. TLC was calculated as the sum of FRC and 

inspiratory capacity (IC). Dynamic end-expiratory lung volume (EELVdyn) was determined by calculating 

TLC minus IC. Predicted values for spirometry, lung volumes and airway resistance were those of Morris 

et al. (1971), Goldman and Becklake (1959), and Briscoe and Dubois (1958) respectively. 

Symptom Evaluation 

Coughs were defined as audible expiratory maneuvers against a closed glottis (Morice, 2008; 

Chung et al., 2009). Any coughs during the bronchoprovocation test were manually counted by both 

research associate and the M.Sc. candidate and were recorded using a microphone to compare the counts 

after testing. Cough frequency was assessed at each dose step (including any coughs at baseline and in 

response to saline). Any coughs occurring in response to MCh (not including any coughs in response to 

saline) were summed for analysis. 

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

baseline, after isotonic saline, and after each dose of MCh, using the modified Borg scale (Borg, 1982) 
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(Appendix F). Participants were asked to rate their difficulty breathing in, breathing out, and their overall 

difficulty breathing.  

Impulse Oscillometry 

IOS was measured with patients in the seated position during tidal breathing as previously 

described (Oostveen et al., 2003; Borrill et al., 2005) using a Masterscreen IOS (Erich Jaeger, Hoechberg, 

Germany). Participants briefly performed tidal breathing on the device while supported their cheeks to 

reduce upper airway shunting during this process. Participants were trained by a Registered Respiratory 

Therapist to not occlude the mouthpiece with their tongue by positioning it below the open channel of the 

mouthpiece, to prevent tongue position artifact. The 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. Additionally, fres and AX 

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

were averaged for final results.  

Statistical Analysis 

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

otherwise. For continuous variables (including spirometry, lung volume measurements, IOS), 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 sex, medication use), within group comparisons were made using 

Wilcoxon signed-rank tests (paired) or Mann-Whitney U tests (unpaired) and between group were made 

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 15 control participants was required to detect a significant difference in FEV1 (% 

change) from baseline at maximum response in the healthy participants (control group) and between 

groups. It was assumed that a clinically relevant difference (SD) in PEF40 and MEF40 was 5% (10%) and 

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

two-tailed test of significance. This sample size is also adequate for the planned between group 

comparisons (control versus CA, CVA and COUGH) of differences in mid-expiratory flows (PEF40 and 

MEF40) and measures of peripheral airway function from IOS. The clinically relevant differences for IOS 

measurements are not yet known; however, Chapman et al. (2009) have previously compared responses 

from participants with asthma and participants 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 during the 

modified MCh bronchoprovocation protocol by comparing the flow difference between the PEFV and 

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

applicable) with that recorded at baseline (Ohkura et al., 2010). Specifically, the bronchodilating effect of 

DIs on MCh-induced bronchoconstriction was examined using: 

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. 
% ∆FVC− % ∆(

FEV1
FVC

)

%∆FEV1
 (Downie et al., 2014). A closing index with a negative value 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. 
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ii. 
% ∆FVC

% ∆FEV1
 (Chapman et al., 2008). This closing index has been suggested to indicate the 

proportion of the change in FEV1 that is a result of airway closure. A value greater than 0.5 

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

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

narrowing and closure are prominent. 

Comparison with CA, CVA and COUGH 

Previously published data (Wasilewski et al., 2016) was used to perform new analyses and 

compare the responses of healthy individuals (n=15) to individuals with CA (n=11), CVA (n=10) and 

COUGH (n=7). The following definitions were used: 

a) CA: Episodic respiratory symptoms occurring in association with variable airflow obstruction and/or 

MCh PC20 ≤16 mg/mL (Canadian Thoracic Society (CTS) Asthma Guidelines (Lougheed et al., 

2012a);  

b) CVA: Asthma (PC20 ≤16 mg/mL) with chronic cough as the sole or predominant symptom, and 

history of response to asthma treatment (such as ICS or 1 week trial of bronchodilator therapy) 

(Fujimura et al., 2003; Irwin et al., 2006); and 

c) COUGH: Chronic cough as the sole or predominant symptom and a negative MCh challenge (PC20 

>16 mg/mL) with the presence of cough (Irwin et al., 2006).  
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Chapter 3 

Results 

Participant Characteristics 

Of thirty-seven volunteers enrolled, twenty-seven cleared the screening and completed the first 

visit of the study (Figure 4). Fifteen participants who completed both visits were included in the analyses. 

The remaining twelve participants were excluded during or following the first visit. The exclusion criteria 

for the twelve participants are provided in Figure 4. 

Characteristics of the 15 included participants are summarized in Table 1. The average age of the 

participants (Mean ± SD) was 31.4 ± 7.2 years, and the mean BMI was 26.2 ± 7.4 kg/m2. Most 

participants were female (n= 9). Four participants had a measurable PC20 (Median ± Median Absolute 

Deviation 93.4 ± 85.4 mg/mL MCh dose). Six participants (3 males and 3 females) developed maximal 

airway response plateaus during high-dose MCh bronchoprovocation. As per the exclusion criteria, none 

of the participants had a history of allergies, cough, eczema or rhinitis/sinusitis.  

Baseline Spirometry, Lung Volumes and Impulse Oscillometry Measures 

Baseline spirometry and lung volumes were comparable in participants between the first and 

second visit (Appendix G). As expected, there were no significant differences in participant 

characteristics at baseline between the two challenge protocols (Appendix H). IOS measures were 

assessed at baseline during both visits (Figure 3) and did not differ significantly (Appendix I and 

Appendix J). Additionally, triplicate IOS values before DI avoidance, and single IOS values after DI 

avoidance did not change significantly on either visit.  

Characterizing Responses to High-Dose Methacholine in Healthy Participants 

Responses to high-dose MCh at MAX are presented in Table 2. The absolute values for each 

protocol at MAX are presented in Appendix K. 
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Figure 5. Flow diagram of participant recruitment.  FEV1 = forced expiratory volume in one second; 

MCh = methacholine. 

 

Table 1. Participant characteristics 

  Healthy Participants 

  (n=15) 

Age (years) 31.4 ± 7.2 

Sex (% female) 60.0 

Height (cm) 176.3 ± 8.8 

Mass (kg) 82.1 ± 25.8 

BMI (kg/m2) 26.2 ± 7.4 

Smoking History (pack y) 5 (n=1) 

PC20 MCh (mg/mL) 93.4 ± 85.4 (n=4)# 

MAX dose MCh (mg/mL) 256.0 ± 0.0 

Plateau Response (%) 40.0 

Allergies (%) 0.0 

Eczema (%) 0.0 

Rhinitus/Sinusitis (%) 0.0 

SCQ score 0.0 

All values are Mean ± SD, except #denoting Median ± Median Absolute Deviation, and % 

denoting the proportion of participants.  
 

BMI = body mass index; MCh = methacholine; PC20 = provocative concentration eliciting a 20% 

decline in FEV1 from baseline; SCQ = Self-reported Comorbidity Questionnaire; y = years. 

  

Participants Enrolled  

(n = 37) 

Participants who 

Completed Visit 1 

(n = 27) 

Excluded  

(n = 10) 

n = 7: Allergies, 

rhinitis/sinusitis 

n = 3: No show 

n = 7: >20% fall in FEV1 from 

baseline at MCh dose ≤16mg/mL 

n = 2: >20% fall in FEV1 from 

baseline after isotonic saline 

n = 2: Unable to perform 

repeatable spirometry measures 

n = 1: Reversible obstruction at 

baseline 

Excluded  

(n = 12) 

Participants Included 

(n = 15) 
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Dyspnea and Cough during High-Dose Methacholine Challenges 

Borg Scores for overall breathlessness were similar between the challenge protocol visits at 

baseline (traditional challenge visit: 0.0  0.1; modified challenge visit: 0.0  0.0; p>0.999) and at MAX 

(traditional challenge visit: 0.4  0.7; modified challenge visit: 0.6  1.1; p>0.999). Borg scores at MAX 

differed significantly from baseline for the traditional challenge (p=0.016), but not the modified challenge 

(p=0.125). During both protocols, dyspnea intensity on the Modified Borg Scale corresponded to 

‘Extremely Slight (Just noticeable)’ at MAX. 

At MAX, the number of coughs did not differ significantly between the protocols (p=0.260) but 

was significantly greater compared to baseline for the traditional challenge visit (p=0.022). In both 

protocols, the frequency of coughs at MAX was low.  

Spirometry and Lung Volumes during High-Dose Methacholine Challenges 

The percent change in FEV1 was -14.7 ± 7.4 (Mean ± SD) and -14.6 ± 10.5 for the traditional and 

modified high-dose MCh challenge protocols, respectively. The percent changes in FEV1 at each 

administered dose of MCh for the fifteen healthy participants are presented in Figure 5. The percent 

change in FEV1 and FVC at MAX was not significantly different between the traditional and modified 

high-dose MCh challenge protocols. Participants developed a significant increase in FRC during the 

modified high-dose MCh challenge protocol and significant reductions in IC during both the traditional 

and modified high-dose MCh challenge protocol indicating dynamic hyperinflation (Table 2). Participants 

also developed reductions in mid-to-late expiratory flows; however, the magnitude of the changes in mid-

to-late expiratory flows was not significantly different between the challenge protocols.  

 At MAX, airway resistance and 
% ∆FVC− % ∆(

FEV1
FVC

)

%∆FEV1
 were not significantly different between the 

two challenge protocols (Table 2). The closing index 
% ∆FVC

% ∆FEV1
 indicated higher airway closure at MAX 

during the modified high-dose MCh challenge protocol. 
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Table 2. Responses to high-dose methacholine in healthy participants at MAX 

  

Traditional High-Dose 

MCh Challenge 

Modified High-Dose      

MCh Challenge 
P-Value 

 (n = 15) (n = 15)  

Sensory Responses    

Cough Count^ 3.2 ± 4.7* 1.4 ± 3.6 0.260 

Borg Overall 0.4 ± 0.6* 0.5 ± 0.9 >0.999 

Spirometry    

∆FEV1 (L) -0.54 ± 0.30§ -0.58 ± 0.41§  0.593 

%∆FEV1 -14.7 ± 7.9§ -14.6 ± 10.5§ 0.604 

∆FEV1 (%pr) -13.7 ± 7.4§ -15.8 ± 12.2ψ 0.541 

∆FVC (L) -0.16 ± 0.20ψ -0.30 ± 0.41ψ 0.004 

∆FVC (%pr) -3.7 ± 4.8ψ -6.3 ± 4.3 0.752 

∆FEV1/FVC -8.7 ± 4.8§ -7.1 ± 4.1§ 0.309 

∆FEF50% (L/s) -1.68 ± 1.17§ -1.54 ± 0.80§ 0.879 

∆FEF50% (%pr) -35.5 ± 24.2§ -32.2 ± 16.7§ 0.194 

∆FEF25-75% (L/s) -1.31 ± 0.87§ -1.12 ± 0.60§ 0.312 

∆FEF25-75% (%pr) -32.8 ± 21.0§ -28.2 ± 15.5§ 0.322 

∆FEF75% (L/s) -0.64 ± 0.62ψ -0.61 ± 0.40§ 0.645 

∆FEF75% (%pr) -29.3 ± 18.3ψ -28.0 ± 18.9§ 0.655 

Lung Volumes 
  

 

∆TLC (L) 0.05 ± 0.36 0.07 ± 0.28 0.864 

∆TLC (%pr) 0.8 ± 6.2  0.3 ± 6.7 0.913 

∆RV (L) 0.21 ± 0.51 0.16 ± 0.33 0.718 

∆RV (%pr) 10.4 ± 26.7 7.8 ± 16.9 0.724 

∆RV/TLC 2.84 ± 6.74 2.30 ± 4.31 0.613 

∆RV/TLC (%pr) 8.9 ± 7.1‡‡ 7.2 ± 13.7 0.714 

∆FRC (L) 0.20 ± 0.47 0.32 ± 0.46ψ 0.296  

∆FRC (%pr) 6.3 ± 13.7 10.4 ± 13.5ψ 0.398 

∆IC (L) -0.20 ± 0.36§ -0.37 ± 0.44ψ 0.309 

∆IC (%pr) -6.5 ± 10.0§ -12.1 ± 15.36 0.345 

Resistance 
  

 

∆Raw (cmH2O/L/s) 1.20 ± 1.12§ 1.38 ± 1.67§ 0.622 

∆Raw (%pr) 96.7 ± 88.9§ 112.1 ± 129.7§ 0.673 

∆sRaw (cmH2O/L/s) 5.26 ± 4.45ψ 6.79 ± 7.14§ 0.575 

∆sRaw (%pr) 131.1 ± 114.4ψ 168.4 ± 180.5§ 0.510 

Closing Indices 
  

 
% ∆FVC

% ∆FEV1
 0.41 ± 0.98 0.12 ± 0.15 0.033 

% ∆FVC −  % ∆ (
FEV1
FVC )

%∆FEV1
 -0.63 ± 0.34 -0.80 ± 0.21 0.651 

All values are Mean ± SD. P-values are from paired t-tests and Wilcoxon signed rank test, as appropriate. ∆ = 

change from baseline to MAX. Bolded values indicate significant differences.  
 

^Number of coughs measured at MAX dose (2 minutes of nebulization period, followed by 3 minutes ‘rest’ 

between doses); 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% 

FVC; FEF25-75% = mean forced expiratory flow during the middle half of FVC; FEF75% = forced expiratory flow at 

75% FVC; FRC = functional residual capacity; IC = inspiratory capacity; MCh = methacholine; RV = residual 

volume; RV/TLC = residual volume divided by total lung capacity; TLC = total lung capacity.  
§p<0.0001, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate.  
ψp<0.01, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 

*p<0.05, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 
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Figure 6. Percent change in FEV1 from baseline for 15 healthy participants at each administered methacholine dose during the traditional high-

dose MCh challenge protocol.  FEV1 = forced expired volume in one second; MCh = methacholine. 
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Figure 7. Impulse oscillometry responses at baseline and MAX during the traditional high-dose methacholine challenge in healthy participants.  P-

values are from paired t-tests and Wilcoxon signed rank tests, as appropriate.  
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Figure 8. Impulse oscillometry responses at baseline and MAX during the modified high-dose methacholine challenge in healthy participants.  P-

values are from paired t-tests and Wilcoxon signed rank tests, as appropriate. R5 = total respiratory resistance; R5-R20 = peripheral respiratory 

resistance; R20 = central respiratory resistance; X5 = peripheral reactance.  

2

4

6

8

10

12

Baseline MAX

R
5

 (
cm

H
2
O

/L
/s

)

p<0.001

0

1

2

3

4

5

Baseline MAX

R
5

-R
2

0
(c

m
H

2
O

/L
/s

)

p<0.000



 38 

Impulse Oscillometry during High-Dose Methacholine Challenges 

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

Appendix L, respectively. IOS responses during the traditional and modified high-dose MCh challenge 

protocols are plotted in Figure 6 and 7, respectively. Values at baseline did not differ significantly 

between the two challenge protocols, except for fres which was significantly greater before and after DI 

avoidance during the modified high-dose MCh challenge protocol when compared with the traditional 

high-dose MCh challenge protocol (Appendix J). All IOS parameters changed significantly from baseline 

to MAX during both the traditional and modified high-dose MCh challenge protocols. At MAX, all IOS 

parameters, except R20, were significantly greater during the modified high-dose MCh challenge 

protocol.   

Deep Inspiration Index 

Baseline DI indices were comparable in participants between the first and second visit (DI Index 

=-0.11 ± 0.06 and -0.16 ± 0.10 respectively; p=0.535), and between the two challenge protocols (-0.18 ± 

0.10 and -0.14 ± 0.15 respectively; p=0.479). Figure 8 and Figure 9 show representative PEFV/MEFV 

loops at baseline and MAX, respectively, used to calculate the DI index. At MAX, the bronchodilating 

effect was preserved as the value of the DI Index was positive (0.67 ± 0.44). The change in the DI Index 

from baseline to MAX, presented in Figure 10, was significant. There was no significant correlation 

between the percent change in FEV1 at MAX and the corresponding DI Index (Correlation coefficient: 

0.14, p=0.628).  

Sex Differences in the Responses to High-Dose Methacholine 

Of the fifteen participants included in the analysis, nine participants were female and six were 

male. The average of the female and male participants was 30.8 ± 7.4 years and 32.3 ± 7.5 years, 

respectively (p=0.748), and the mean BMI was 23.1 ± 2.8 kg/m2 and 26.1 ± 2.7 kg/m2, respectively 

(p=0.046) (Appendix M). Two female and two male participants had a measurable PC20 to MCh (Median 

± Median Absolute Deviation) (147.2 ± 70.0 mg/mL and 39.6 ± 16.0 mg/mL, respectively).
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Figure 9. Representative partial and maximal expiratory flow-volume loops at baseline for healthy participants.  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 for healthy participants with %∆FEV1 = -23, -14, -5 and -

17, respectively.  FEV1 = forced expired volume in one second; 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. DI indices at baseline and MAX for healthy participants.  DI = deep inspiration; 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. P-values calculated using 

paired-t-test. 
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Spirometry and lung volume responses to high-dose MCh at MAX in females and males are 

presented in Appendix N and Appendix O. Borg Scores for overall breathlessness were similar in both 

sexes at baseline and MAX during the traditional (Appendix N) and modified high-dose MCh challenge 

testing (Appendix O). During both protocols, dyspnea intensity on the Modified Borg Scale corresponded 

to ‘Extremely Slight (Just noticeable)’ at MAX in males and females. At MAX, females coughed 

significantly more during modified high-dose MCH provocation, compared to baseline (p=0.036). 

However, in both protocols, the frequency of coughs at MAX was low.  

At baseline, absolute FEV1 (L), FVC (L), TLC (L) and IC (L) were significantly greater in males, 

when compared with females for both challenge visits, but the predicted values did not differ 

significantly. The percent changes in FEV1 for females were -15.4 ± 7.8 and -15.2 ± 5.3, and for males 

was -11.1 ± 10.5 and -12.2 ± 8.4 for the traditional and modified high-dose MCh challenge protocols, 

respectively. The percent changes in FEV1 and FVC at MAX were comparable for both sexes for both 

challenge protocols (data not shown). Both males and females developed reductions in mid-to-late 

expiratory flows; however, the changes were not significantly different between the challenge protocols. 

Interestingly, at MAX, females developed a significant reduction in IC, compared to baseline, during the 

traditional high-dose MCh challenge protocol (Appendix N) and this was seen in only males during the 

modified traditional high-dose MCh challenge protocol (Appendix O). At MAX, airway resistance was 

significantly higher in both sexes, when compared to baseline.  

The absolute values for all IOS measurements for females and males at baseline and MAX for the 

traditional and modified high-dose MCh are listed in Appendix P and Appendix Q, respectively. Values at 

baseline were comparable for both sexes between the two challenge protocols. All IOS parameters 

changed significantly from baseline to MAX for both sexes during both the traditional and modified high-

dose MCh challenge protocols. At MAX, all IOS parameters were significantly greater during the 

modified high-dose MCh challenge protocol, except for R20.   
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Comparing Responses to High-Dose Methacholine in CA, CVA, COUGH and CONTROL 

The responses of healthy (CONTROL) individuals (n=15) were compared to individuals with CA 

(n=11), CVA (n=10) and COUGH (n=7) using data previously published by Wasilewski et al. (2016). 

Participant groups were matched for age, height, mass and BMI (Table 3). Participants with CVA were 

significantly older than the CONTROL participants and participants with CA or COUGH. Twenty-five 

participants had a measurable PC20 to MCh (19.0 ± 32.3). Five participants with CA (45.5%), four 

participants with CVA (40%), five participants with COUGH (71.4%) and six CONTROL participants 

(40.0%) developed maximal airway response plateaus during high-dose MCh bronchoprovocation 

(Kruskal-Wallis p=0.062). CONTROL participants had no history of allergies, eczema and 

rhinitis/sinusitis. Furthermore, there were no significant differences in the history of allergies, eczema and 

rhinitis/sinusitis between CA, CVA and COUGH groups (Table 3). 

Fifteen participants from the CA, CVA and COUGH groups were taking ICS at the time of the 

study. Twenty-two participants were using SABAs, and nine were using combination therapy (ICS plus 

LABA) (Table 3). Medication use did not differ significantly between the CA, CVA and COUGH groups.  

Baseline Spirometry, Lung Volumes and Impulse Oscillometry Measures 

Baseline spirometry and lung volumes were comparable among the CA, CVA, COUGH and 

CONTROL groups (Appendix R). In the CONTROL group, FEV1, FEF50%, FEF25-75% and FEF75% were 

significantly greater than the CA and CVA group at baseline. Additionally, FVC and IC measures were 

significantly greater for the CONTROL group when compared to the CVA group. These values were not 

significantly different from the COUGH group. In contrast, the percent predicted values for FVC, FEF50%, 

FEF25-75%, FEF75%, and IC were not significantly different between any of the groups at baseline.  

IOS measures were assessed repeatedly at baseline and did not change significantly for either the 

CA, CVA, COUGH (data not shown) or CONTROL groups (Appendix J). Specifically, triplicate IOS 

values before DI avoidance and single IOS values after DI avoidance did not change significantly.  
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Table 3. Participant characteristics of stratified groups 

 
CA CVA COUGH Controls P-Value 

 
(n=11) (n=10) (n=7) (n=15) 

 
Age (years) 39.8 ± 11.9§ 53.0 ± 9.9 40.9 ± 11.7§ 31.4 ± 7.2§ 0.004 

Sex (% female) 72.7 80.0 71.4 60.0 0.766 

Height (cm) 164.0 ± 14.2 167.4 ± 7.4 168.9 ± 11.1 176.2 ± 9.1 0.059 

Mass (kg) 88.4 ± 19.1 75.7 ± 16.1 74.8 ± 13.5 82.1 ± 25.8 0.434 

BMI (kg/m2) 32.8 ± 6.3 28.2 ± 7.0 26.7 ± 7.5 26.2 ± 7.4 0.120 

Smoking History (pack y) 5.0 ± 3.5 (n=2) 1.2 (n=1) 5.7 ± 6.1 (n=2) 5.0 (n=1) N/A 

PC20 MCh (mg/mL) 2.19 ± 2.32 5.59 ± 4.09 49.3 ± 17.0 (n=4) * 93.4 ± 85.4 (n=4) * <0.001 

MAX dose MCh (mg/mL) 7.36 ± 5.97 50.0 ± 45.7 137.1 ± 86.1ψ§ 256.0ψ§# <0.001 

Plateau (%) 45.5 40.0 71.4 40.0 0.556 

Allergies (%) 63.6 72.7 42.9 0.0ψ§ 0.001 

Eczema (%) 9.0 20.0 14.3 0.0 0.387 

Rhinitus/Sinusitis (%) 45.5 36.4 57.1 0.0# 0.016 

Medication usage      

SABA Use (%) 90.1 70.0 71.4 0.0ψ§# <0.001 

ICS Use (%) 72.7 40.0 42.9 0.0ψ§# <0.001 

Combination ICS/LABA (%) 45.5 20.0 28.6 0.0ψ 0.045 

All values are Mean ± SD, except *denoting Median ± Median Absolute Deviation and % denoting the proportion of 

participants.  
 

BMI = body mass index; CA = classic asthma; COUGH = methacholine-induced cough but normal airway sensitivity; 

CVA = cough variant asthma; ICS = inhaled corticosteroid; LABA = long-acting ß2-agonist; MCh = methacholine; PC20 = 

provocative concentration eliciting a 20% decline in FEV1 from baseline; SABA = short-acting ß2-agonist. 
ψsignificantly 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.  
#significantly different from COUGH group using ANOVA test and post hoc Bonferroni correction.   
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Dyspnea and Cough during Modified High-Dose Methacholine Challenge 

Borg Scores for overall breathlessness in response to high-dose MCh were significantly higher in 

CA and COUGH when compared to CONTROL (ANOVA p=0.004). For both CA and COUGH, dyspnea 

intensity on the Modified Borg Scale corresponded to ‘Moderate’ at MAX. 

The total number of coughs in response to high dose MCh were 1.7 ± 2.9 (n=9) (CA), 33.0 ± 24.0 

(n=9) (CVA), 32.0 ± 27.1 (n=7) (COUGH) and 5.6 ± 3.7 (n=15) (CONTROL). The total number of 

coughs was significantly different between the groups (ANOVA p<0.001). Post-hoc analysis using 

Bonferroni correction indicated significant differences in the number of coughs as reported in Table 5.  

Spirometry and Lung Volumes during Modified High-Dose Methacholine Challenge 

Responses to high-dose MCh at MAX are presented in Table 4 and Table 5. The absolute values 

for each group at MAX are presented in Appendix S. The percent change in FEV1 was -37.0 ± 9.5, 

-34.1 ± 9.2, -21.6 ± 15.1, and -14.6 ± 10.5 in the CA, CVA, COUGH, and CONTROL groups 

respectively. The percent change in FEV1 at MAX was significantly greater in CA and CVA than 

CONTROL. The difference between the percent change in FEV1 at MAX in COUGH and CONTROL 

was not statistically significant. Compared to baseline, all groups developed reductions in mid-to-late 

expiratory flows (Figure 12) and participants with CA and CVA developed significant dynamic 

hyperinflation and gas trapping (Figure 11). The magnitude of the changes mid-to-late expiratory flows 

was not significantly different between the groups.  

At MAX, both closing indices, 
% ∆FVC

% ∆FEV1
 and 

% ∆FVC− % ∆(
FEV1
FVC

)

%∆FEV1
 were significantly different 

between CA and COUGH, between CA and CONTROL, and between CVA and CONTROL, and 

participants with CA had significantly greater increases in sRaw compared to COUGH and CONTROL 

(Table 5). 

Impulse Oscillometry during Modified High-Dose Methacholine Challenge 

The absolute values for all IOS measurements at baseline and MAX are listed in Appendix T and  
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Table 4. Responses during the modified high-dose methacholine challenge at MAX 

 
CA CVA COUGH CONTROL P-Value 

 
(n=11) (n=10) (n=7) (n=15) 

 
Sensory responses      

Cough Frequency 1.7 ± 2.9 (n=9) 33.0 ± 24.0 (n=9) ‡‡ 32.0 ± 27.1‡‡ 5.6 ± 3.7  <0.001 

Borg Overall 2.7 ± 1.7 (n=10) 2.1 ± 2.2 (n=8) 2.8 ± 1.8 (n=6) 0.5 ± 0.9 0.004 

Spirometry      

∆FEV1 (L) -1.09 ± 0.58§ -0.91 ± 0.29§ -0.70 ± 0.50* -0.58 ± 0.41§  0.042 

%∆FEV1 -37.0 ± 9.5 -34.1 ± 9.2 -21.6 ± 15.1 -14.6 ± 10.5§ <0.001 

∆FEV1 (%pr) -33.3 ± 13.9§ -28.4 ± 9.0§ -20.9 ± 14.1‡‡ -15.8 ± 12.2‡‡ 0.006 

∆FVC (L) -1.12 ± 0.72§ -0.77 ± 0.29§ -0.49 ± 0.56 - 0.30 ± 0.41‡‡ 0.002 

∆FVC (%pr) -27.9 ± 9.6 -21.8 ± 8.9 -12.2 ± 14.4 -6.3 ± 4.3 <0.001 

∆FEV1/FVC -0.10 ± 0.05§ -0.12 ± 0.03§ -0.09 ± 0.09* -0.07 ± 0.04§ 0.147 

∆FEV1/FVC (%pr) -12.3 ± 6.2§ -15.0 ± 3.9§ -10.6 ± 10.3* -6.4 ± 3.5 0.005 

∆FEF50% (L/s) -1.58 ± 0.75§ -1.69 ± 1.26‡‡ -1.10 ± 0.39‡‡ -1.54 ± 0.80§ 0.567 

∆FEF50% (%pr) -23.4 ± 12.7§ -44.8 ± 32.9‡‡ -26.3 ± 8.79‡‡ -32.2 ± 16.7§ 0.102 

∆FEF25-75% (L/s) -1.23 ± 0.68§ -1.19 ± 0.72§ -1.01 ± 0.41‡‡ -1.12 ± 0.60§ 0.895 

∆FEF25-75% (%pr) -37.5 ± 17.7§ -41.6 ± 23.4§ -31.5 ± 16.4‡‡ -28.2 ± 15.5§ 0.303 

∆FEF75% (L/s) -0.44 ± 0.36‡‡ -0.38 ± 0.30‡‡ -0.60 ± 0.38‡‡ -0.61 ± 0.40§ 0.372 

∆FEF75% (%pr) -26.7 ± 22.2‡‡ -33.7 ± 28.9‡‡ -41.3 ± 30.3* -28.0 ± 18.9§ 0.586 

Lung Volumes      

∆TLC (L) 0.05 ± 0.14 -0.03 ± 0.05 -0.03 ± 0.03 0.07 ± 0.28 0.464 

∆TLC (%pr) 0.9 ± 2.2 -0.5 ± 0.8 -0.5 ± 0.6  0.3 ± 6.7 0.854 

∆RV (L) 0.67 ± 0.24§ 0.41 ± 0.25‡‡ 0.17 ± 0.33 0.16 ± 0.33 <0.001 

∆RV (%pr) 42.1 ± 13.4§ 21.2 ± 12.9‡‡ 12.0 ± 18.9 7.8 ± 16.9 <0.001 

∆RV/TLC 0.12 ± 0.04§ 0.07 ± 0.04‡‡ 0.03 ± 0.05 0.02 ± 0.04 <0.001 

∆RV/TLC (%pr) 35.7 ± 12.8§ 18.9 ± 11.6‡‡ 10.1 ± 15.4 7.2 ± 13.7 <0.001 

∆FRC (L) 0.70 ± 0.59‡‡ 0.55 ± 0.33§ 0.30 ± 0.38 0.32 ± 0.46‡‡ 0.217 

∆FRC (%pr) 24.9 ± 19.6‡‡ 18.2 ± 10.3§ 9.2 ± 13.1 10.4 ± 13.5‡‡ 0.062 

∆IC (L) -0.86 ± 0.85‡‡ -0.57 ± 0.37‡‡ -0.34 ± 0.22‡‡ -0.37 ± 0.44‡‡ 0.116 

∆IC (%pr) -35.7 ± 36.8‡‡ -24.0 ± 15.5‡‡ -12.9 ± 8.4‡‡ -12.1 ± 15.36 0.054 

Resistance      

∆Raw (cmH2O/L/s) 3.75 ± 1.88§ 2.31 ± 2.21‡‡ 2.83 ± 4.14 1.38 ± 1.67§ 0.107 

∆Raw (%pr) 242.0 ± 119.4§ 159.2 ± 153.6* 201.9 ± 307.2 112.1 ± 129.7§ 0.289 

∆sRaw (cmH2O/L/s) 16.13 ± 9.47§ 14.01 ± 10.34‡‡ 4.26 ± 4.95 6.79 ± 7.14§ 0.008 

∆sRaw (%pr) 407.6 ± 248.0§ 355.2 ± 269.2‡‡ 105.5 ± 128.3 168.4 ± 180.5§ 0.009 

Closing Indices      
% ∆FVC

% ∆FEV1
 0.75 ± 0.14 0.63 ± 0.15 0.36 ± 0.48 0.12 ± 0.15 <0.001 

% ∆FVC −  % ∆ (
FEV1
FVC )

%∆FEV1
 0.38 ± 0.30 0.13 ± 0.26 -0.31 ± 0.97 -0.80 ± 0.21 <0.001 

All values are Mean ± SD. ∆ = change from baseline to MAX. P-values are from one-way ANOVA test and post 

hoc Bonferroni correction. Bolded values indicate significant differences. Abbreviations as in Appendix R. 
   

*p<0.05, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate.  
‡‡p<0.01, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 
§p<0.001, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 
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Table 5. ANOVA results of responses during the modified high-dose methacholine challenge at MAX 

  

  

CA vs 

CVA 

CA vs 

COUGH 

CA vs 

CONTROL 

CVA vs 

COUGH 

CVA vs 

CONTROL 

COUGH vs 

CONTROL 
ANOVA 

Sensory Responses        

Cough Frequency 0.001 0.004   0.001 0.006 <0.001 

Borg Overall   0.010   0.029 0.004 

Spirometry        

∆FEV1 (L)      0.043 0.042 

%∆FEV1  0.033 <0.001  0.001  <0.001 

∆FEV1 (%pr)   0.006    0.006 

∆FVC (L)   0.001    0.002 

∆FVC (%pr)  0.005 <0.001  0.001  <0.001 

∆FEV1/FVC       0.147 

∆FEV1/FVC (%pr)     0.005  0.005 

∆FEF50% (L/s)       0.567 

∆FEF50% (%pr)        0.102 

∆FEF25-75% (L/s)       0.895 

∆FEF25-75% (%pr)       0.303 

∆FEF75% (L/s)       0.372 

∆FEF75% (%pr)       0.586 

Lung Volumes        

∆TLC (L)       0.464 

∆TLC (%pr)       0.854 

∆RV (L)  0.006 <0.001    <0.001 

∆RV (%pr) 0.023 0.002 <0.001    <0.001 

∆RV/TLC  0.001 <0.001    <0.001 

∆RV/TLC (%pr) 0.038 0.002 <0.001    <0.001 

∆FRC (L)       0.217 

∆FRC (%pr)       0.062 

∆IC (L)       0.116 

∆IC (%pr)   0.057    0.054 

Resistance        

∆Raw (cmH20/L/s)       0.107 

∆Raw (%pr)       0.289 

∆sRaw (cmH20/L/s)  0.033 0.045    0.008 

∆sRaw (%pr)  0.038 0.049    0.009 

Closing Indices        
% ∆FVC

% ∆FEV1
  0.008 <0.001  <0.001  <0.001 

% ∆FVC −  % ∆ (
FEV1
FVC )

%∆FEV1
  0.016 <0.001  <0.001  <0.001 

∆ = change from baseline to MAX. Bonferroni corrected p-values located within columns represent the significance 

between groups. Blank spaces represent non-significant differences between groups. Bolded values indicate significant 

differences. Abbreviations as in Appendix R.   
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Figure 12. Mid-to-late expiratory flow responses at MAX during the modified high-dose methacholine 

challenge in CA, CVA, COUGH and CONTROL. Error bars represent SD. CA = classic asthma; 

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

CONTROL = healthy controls; 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. FEV1= Forced expiratory volume in one second. P-values 

indicate the significance of variable changes from baseline. 
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Figure 13. Lung volume responses at MAX during the modified high-dose methacholine challenge in CA, CVA, COUGH and CONTROL.  CA = 

classic asthma; COUGH = methacholine-induced cough but normal airway sensitivity; CONTROL = healthy controls; 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.
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Table 6. Impulse oscillometry responses during the modified high-dose methacholine challenge at MAX 

 

CA 

(n=11) 

CVA 

(n=11) 

COUGH 

 (n=7) 

CONTROL 

(n=15) 

P-value 

ΔR5 (cmH2O/L/s) 2.67 ± 1.20^ 2.33 ± 1.70^ 2.48 ± 2.03* 2.54 ± 1.60^ 0.971 

ΔR20 (cmH2O/L/s) -0.23 ± 0.68 -0.02 ± 0.90 0.77 ± 0.81* 1.01 ± 0.81^ <0.001 

ΔR5-R20 (cmH2O/L/s) 2.89 ± 1.41^ 2.34 ± 1.59^ 1.70 ± 2.10 1.35 ± 1.06^ <0.001 

ΔX5 (cmH2O/L/s) -4.30 ± 2.71^ -3.52 ± 2.69^ -1.52 ± 2.35 -1.30 ± 0.88^ <0. 001 

ΔAX (cmH2O/L) 40.52 ± 26.4^ 33.78 ± 26.8^ 16.33 ± 25.1 13.28 ± 13.97^ 0.002 

Δfres (Hz) 10.72 ± 5.65^ 11.23 ± 5.49^ 7.33 ± 4.38^ 10.68 ± 5.51^ 0.343 

All values are Mean ± SD. ∆ = change from baseline to MAX. P-values are from one-way ANOVA test and post 

hoc Bonferroni correction. Bolded values indicate significant differences. 
 

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<0.01, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 

*p<0.05, compared to baseline using paired t-test or Wilcoxon signed rank test, as appropriate. 
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Table 7. ANOVA results of impulse oscillometry responses during the modified high-dose methacholine 

challenge at MAX 

  

  

CA vs 

CVA 

CA vs 

COUGH 

CA vs 

CONTROL 

CVA vs 

COUGH 

CVA vs 

CONTROL 

COUGH vs 

CONTROL 
ANOVA 

ΔR5 (cmH2O/L/s)       0.971 

ΔR20 (cmH2O/L/s)  0.034 0.002  0.010  <0.001 

ΔR5-R20 (cmH2O/L/s)   0.002    <0.001 

ΔX5 (cmH2O/L/s)  0.008 0.001 0.033 0.003  <0.001 

ΔAX (cmH2O/L)  0.022 0.006 0.011 0.002  0.002 

Δfres (Hz)       0.343 

∆ = change from baseline to MAX. 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.  
 

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. 
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Appendix U, respectively. IOS responses in all four groups during high-dose MCh challenge are 

summarized in Table 6 and Table 7. The protocol for CONTROL and CA, CVA and COUGH groups 

included multiple IOS measurements at baseline (i.e. before DI avoidance, after DI avoidance, after 

PEFV/MEFV, after plethysmography). The IOS measurements did not change significantly before and 

after DI avoidance for the CONTROL (Appendix J) or when comparisons were made before and after 

these various maneuvers in the CA, CVA and COUGH groups (data not shown). 

At baseline, CA and CVA had significantly higher R5-R20, compared with CONTROL. All other 

IOS parameters, except for R20, were significantly higher for the CA group when compared to 

CONTROL. Baseline value for fres was also significantly greater in CA when compared with COUGH, 

and in CVA when compared with CONTROL (Appendix T). During high-dose MCh 

bronchoprovocation, all IOS parameters increased significantly from baseline to MAX in CA and CVA, 

except for R20 (p=0.295, p=0.962, respectively). At MAX, R5-R20 was significantly greater in CA when 

compared to CONTROL and fres (Hz) was significantly greater in CA when compared with COUGH and 

CONTROL.  

Deep Inspiration Index 

Figure 13 and Figure 14 show examples of PEFV/MEFV at baseline and MAX, respectively, 

used to calculate the DI index. The DI indices were not significantly different between the four groups at 

baseline (-0.01 ± 0.27, -0.20 ± 0.27, -0.29 ± 0.16, and -0.14 ± 0.15, respectively; p-value from ANOVA = 

0.054). At MAX, the DI index were greater than 0 in all four groups (0.67 ± 0.97, 0.51 ± 0.73, 0.01 ± 

0.36, and 0.67 ± 0.44 in CA, CVA, COUGH, and CONTROL, respectively). However, at MAX, the DI 

index for COUGH was significantly different than that of CA, CVA and CONTROL (p-value from 

ANOVA = 0.039), indicating that the bronchodilating effect in COUGH was present but impaired. 

The change in the DI index from baseline to MAX presented in Figure 15, was significant in CA 

(p=0.041), CVA (p=0.013), COUGH (p=0.008) and CONTROL (p<0.0001). There was no significant 

correlation between the percent change in FEV1 at MAX and the corresponding DI Index (Pearson 

correlation coefficients: -0.26, 0.32, 0.42 and 0.14 for CA, CVA, COUGH and CONTROL, respectively)
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Figure 14. Representative partial and maximal expiratory flow-volume loops at baseline in CA, CVA, COUGH and CONTROL.  CA = classic 

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

participants; FVC = forced vital capacity; MEF40 = expiratory flow at 40% of FVC from maximal curve; PEF40 = expiratory flow at 40% of the 

forced vital capacity from the partial curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Representative partial and maximal expiratory flow-volume loops at MAX in CA, CVA, COUGH and CONTROL.  CA = classic 

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

participants; FVC = forced vital capacity; MEF40 = expiratory flow at 40% of FVC from maximal curve; PEF40 = expiratory flow at 40% of the 

forced vital capacity from the partial curve. 
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Figure 16. DI indices at baseline and MAX during the modified high-dose methacholine challenge in CA, CVA, COUGH and CONTROL. CA = 

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

variant asthma DI = deep inspiration; MEF40 = expiratory flow at 40% of the forced vital capacity from the full forced vital capacity maneuver, 

MAX=maximal administered dose of methacholine; PEF40 = expiratory flow at 40% of the forced vital capacity from the partial curve. P-values 

calculated using paired-test.
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Chapter 4 

Discussion 

 To our knowledge, this is the first study to compare the sensory-mechanical responses to high-

dose MCh and the bronchodilating effect of a DI in healthy individuals to those in individuals with mild 

CA, CVA, and COUGH. During high-dose MCh bronchoprovocation, healthy participants developed 

minor dyspnea and cough, as well as mild bronchoconstriction, reduction in mid-to-late expiratory flows, 

gas-trapping and dynamic hyperinflation. IOS responses to high-dose MCh bronchoprovocation indicated 

increases in total resistance in healthy participants, mainly due to increases in central resistance. 

Furthermore, the bronchodilating effect of a DI was preserved in the healthy individuals studied. 

Compared to healthy individuals, individuals in the CVA and COUGH groups developed more 

intense dyspnea and coughed significantly more in response to high-dose MCh. MCh bronchoprovocation 

caused greater dynamic hyperinflation and gas trapping in participants with CA and CVA when compared 

with healthy participants and participants with COUGH. Airway closure was also significantly higher in 

participants with CA and CVA when compared with in healthy participants and in participants with CA 

compared with COUGH. Overall, the MCh-induced changes in spirometry (∆FEV1 (L, %, and %pr) and 

∆FVC (L, %, and %pr)) and lung volume (∆RV (L, %, and %pr) and ∆IC (L, %, and %pr)) was 

consistent with the concept of a continuum of response severity amongst the four groups.  

IOS responses were also consistent with a continuum of response severity, with CA 

demonstrating the greatest resistance and CONTROL the least in response to high-dose MCh. In CA and 

CVA, the increase in total resistance was primarily attributed to an increase in peripheral resistance, as 

central resistance did not increase significantly from baseline in either group, but in COUGH and 

CONTROL, the reverse was observed. Although the DI index for all four groups was greater than zero at 

the maximum administered dose of MCh, the DI index for COUGH was significantly lower compared to 
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healthy participants and participants with CA, CVA. This indicates that the bronchodilating effect is 

present but impaired in participants with COUGH. 

Cough 

During high-dose MCh bronchoprovocation, healthy participants developed minor cough at the 

maximum administered dose of MCh. Cough during MCh bronchoprovocation is thought to be triggered 

by mechanical stimulation (MCh-induced bronchoconstriction) of RARs (Koskela et al., 2005; Ohkura et 

al., 2010) rather than cough receptors, as cough receptors are reported to be insensitive to 

bronchoconstriction (Canning, 2010). However, since healthy participants only experienced mild 

bronchoconstriction at the maximum administered dose, it is possible that increases in pulmonary 

resistance and pressures due to MCh-induced declines in mid-to-late expiratory flows also act as the 

stimulus for cough by activating SARs and TRPV-1 channels (Hanacek et al, 1984). Several animal-

based studies have found SARs to be common in large central airways than the peripheral airways (Fisher 

& Sant’Ambrogio, 1982; Sant’Ambrogio, 1982). Mechanical forces generated during breathing activate 

SARs, with SAR activity changing with the lung inflation state and peaking just before expiration 

(Schelegle & Green, 2001). IOS patterns showed healthy participants had a greater increase in central 

resistance than peripheral resistance. It is likely that the mechanical forces generated by the increased 

resistance activate SARs and result in cough in healthy individuals at a higher dose of MCh. MCh-

induced cough is also associated with the bronchodilating effect of DIs in healthy participants without 

asthma (Okhura et al., 2009). Since a cough is usually preceded by a DI, cough in healthy participants 

may bronchodilate the airways and reduce bronchoconstriction induced during the high-dose MCh 

bronchoprovocation.   

We also identified that at the maximum administered dose of MCh, individuals with CVA and 

COUGH coughed significantly more compared with healthy participants and participants with CA. A 

heightened cough response to MCh-induced bronchoconstriction is a fundamental physiological feature of 

CVA (Ohkura et al., 2010). That participants with COUGH developed cough comparable to CVA is an 

important novel finding, which supports our hypothesis that COUGH is a clinically relevant phenotype 
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distinct from the healthy individuals (based upon cough frequency) and from CVA (based upon airway 

sensitivity as measured by PC20). Participants with COUGH likely lie on a continuum of response 

severity, with the normal response on one end and impaired response in airway disorders, such as CVA 

and CA on the other. The underlying mechanism(s) responsible for this continuum remains unknown, 

although it may reflect the impact of early “subclinical” airway remodelling. 

Although not statistically significant, the mean number of coughs in response to high-dose MCh in 

the CA group was lower than in the healthy participants. Ohkura et al. (2010) have shown that compared 

to healthy participants, individuals with moderate to severe asthma have a blunted cough response to 

MCh. Our comparisons of cough frequencies at distinct time points rather than in relation to respiratory 

resistance during high-dose MCh bronchoprovocation (Matsumoto et al., 2009) may have limited our 

ability to detect differences between the two groups. This is because DIs and sighs occur throughout the 

protocol and could have potentially altered participant’s pulmonary system and decreased cough 

sensitivity. 

Dyspnea 

Dyspnea is one of the main symptoms of asthma, and high-dose MCh bronchoprovocation has been 

shown to reliably simulate the intensity and quality of dyspnea during a spontaneous asthma exacerbation 

(Lougheed et al., 1993; Banzett et al., 2000; Levesque et al., 2010). During high-dose MCh 

bronchoprovocation, dynamic hyperinflation is considered as one of the most important determinants of 

the intensity of dyspnea (Lougheed et al., 1993; Lougheed et al., 1995). However, in a recent study 

Antonelli et al. (2013) used IOS during modified MCh challenge using the predetermined PD15FEV1 and 

PD25FEV1 for 83 patients with mild asthma. They reported dyspnea to be correlated with the level of 

bronchoconstriction and the resultant ventilation heterogeneity, with central airways being affected during 

early phases of an asthma exacerbation, and more peripheral airways being recruited as 

bronchoconstriction becomes more severe. 

In the current study, at the maximum administered dose, healthy participants developed minimal 

dyspnea at corresponding to ‘Extremely Slight (Just noticeable)’ level. This may be because participants 
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developed only mild changes in FEV1 and FRC, and consequently, they experienced less intense dyspnea 

during the bronchoprovocation testing. In contrast, participants with CA and CVA had significantly 

greater decreases in FEV1 and mid-to-late expiratory flows, but only participants with CA experienced 

intense dyspnea, compared to healthy participants and participants with CVA. It is possible that 

individuals with CVA are ‘poor perceivers’ of their other asthma symptoms at a comparable level of 

bronchoconstriction. 

In participants with COUGH, the magnitude of the breathlessness scores was slightly higher than 

what has been reported previously in CA (Lougheed et al., 2006), yet the declines in FEV1 and FVC were 

comparable to those in healthy participants. Lougheed et al. (2006) have reported that the average Borg 

scores for overall dyspnea and inspiratory difficulty at PC20 in individuals with asthma were 

approximately 2. In that study, asthma participants’ IC decreased by approximately 600 mL at PC20, 

whereas in our study, COUGH participants’ IC decreased by approximately 340 mL at the maximum 

administered MCh dose. It is possible that individuals with COUGH are ‘over perceivers’ of their 

bronchoconstriction and hyperinflation, or that emotional factors influence their symptom intensity (Ekici 

et al., 2010). The increased perception of dyspnea and cough in individuals with COUGH deserves 

further attention. 

Spirometry and Lung Volume Responses  

During both the traditional and modified high-dose MCh challenge, healthy participants developed 

reductions in FEV1 and FVC from baseline comparable to those observed by Gibbons et al. (1996) in a 

study of 16 healthy participants, after inhalation of 256 mg/mL of MCh. Individuals with COUGH had 

FEV1 and FVC declines of approximately 22% and 12% from baseline, respectively, which were 

comparable to healthy individuals (both in our study and in the study by Gibbons et al., 1996). This 

suggests that similar to healthy individuals, individuals with COUGH have a preserved bronchoprotective 

effect of a DI, which limits MCh-induced bronchoconstriction (Malmberg et al., 1993). If this protective 

mechanism is preserved in COUGH, this could explain why the mean PC20 and maximum administered 

dose of MCh was greater in COUGH compared to CA and CVA.  
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Based on FEV1 and FVC declined in response to MCh (Yoo et al., 2007; Kang et al., 2005), 

participants with CVA are less responsive to MCh than participants with CA. Although we did not 

identify significant differences in ΔFEV1 or ΔFVC (in L or %pr) between the CA and CVA groups, both 

groups demonstrated significantly greater declines in FEV1 and FVC compared to healthy participants 

and participants with COUGH at the maximum administered doses of methacholine. As TLC did not 

change during bronchoprovocation challenges, reductions in FVC from baseline are likely the result of 

increased RV due to airway closure and subsequent gas trapping (Wheatley et al., 1989). Based on the 

increases in RV from baseline, individuals with CA and CVA significantly more gas trapping than 

healthy participants and participants with COUGH. Surprisingly, all groups developed comparable 

significant declines in the mid-to-late expiratory flows from baseline. Since our study was not powered to 

detect significant MCh-induced differences in mid-to-late expiratory flows between groups, it is possible 

that actual differences in mid-to-late expiratory flows were undetected between these groups. 

Airway Closure 

At the maximum administered dose, the closing profile (based on the closing indices) of healthy 

participants indicated airway narrowing to be predominant in either high-dose MCh bronchoprovocation 

protocol. This may be because the healthy participants did not bronchoconstrict enough to induce airway 

closure; however, these individuals demonstrated significant declines in their mid-to-late flows, compared 

to baseline (Figure 8), which were comparable in magnitude to those in CA, CVA and COUGH. A 

similar airway closure and response profile was observed in participants with COUGH.  

Although not statistically significant, the closing profile in CVA appears to be a mixture of airway 

narrowing and closure, whereas, in CA, airway closure predominates. It is likely that the variation in the 

airway closure profiles of the four groups reflects an underlying fundamental difference in the peripheral 

airways, possibly due to airway inflammation and remodelling, which distinguishes these conditions. 
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Impulse Oscillometry 

At the maximum administered MCh dose, IOS values were significantly higher for the modified 

high-dose MCh challenge protocol in healthy participants. Increases in total resistance were primarily 

attributable to increases in peripheral resistance since the central resistance not differ significantly in 

either protocol. A primary strength of our study design is that we examined airway responses to high-dose 

MCh with IOS prior to the MEFV/PEFV at each dose of MCh. Therefore, these measures potentially 

reflect the airway responses in healthy participants without superimposition of the bronchodilating effect 

of a DI. We also demonstrated that 10 minutes of DI avoidance does not affect IOS measurements in 

healthy participants. Therefore, it is likely that changes in IOS values represent the effects of MCh on the 

airways and not an artifact from a preceding maneuver (such as plethysmography, or DI avoidance).  

Although IOS cannot establish bronchoconstriction at a specific level of the tracheobronchial tree 

(Segal et al., 2011), our findings indicate that the pattern of increases in total pulmonary resistance in CA 

and CVA is different from that in COUGH and CONTROL. It is likely that that the difference in peripheral 

airway response to high-dose MCh in the absence of DIs may be the key to distinguishing CA, CVA, and 

COUGH. 

Bronchodilation 

The value of the DI Index was greater than zero at the maximum administered dose of MCh in 

healthy participants, indicating that the bronchodilating effect of a DI was preserved in the healthy 

individuals in our study. The bronchodilating effect was also preserved in participants with CA and CVA, 

as the DI index was positive in both groups at the maximum administered dose. In individuals with 

asthma, there is a large variability in the bronchodilating effect of a DI, which is thought to vary 

depending on the disease severity; minimally affected in individuals with mild asthma and decreases with 

increasing severity of asthma (Brown et al., 1995, Scichilone et al., 2005; Scichilone et al., 2007). Using 

AHR to MCh to quantify disease severity, most with CA in our study had mild-to-moderate asthma 

(8/11), and all the participants with CVA had borderline-to-mild asthma. It is possible that further 
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research with larger samples and more participants with severe asthma could elucidate differences the CA 

and CVA groups. 

Our findings also suggest that the bronchodilating effect of a DI was impaired in the COUGH 

group compared to the healthy participants. Our lab has previously observed that individuals with 

COUGH and CA have comparable responses to high-dose MCh bronchoprovocation (Lougheed et al., 

2009). Individuals with COUGH develop significant small airway obstruction before a cough, which 

partially resolves after a DI and cough (Lougheed and Fisher, 2007). MCh-induced cough is thought to be 

associated with the bronchodilating effect of a DI in healthy participants without asthma (Ohkura et al., 

2009). Since a cough is usually preceded by a DI, coughing in response to MCh can dilate the constricted 

airways and reduce the MCh-induced bronchoconstriction. The finding that the bronchodilating effect of a 

DI is impaired in COUGH further strengthens our hypothesis that COUGH is distinct phenotype and 

cannot be clinically classified as the normal response to MCh. 

Limitations 

The main limitation of this study is the small sample size of the COUGH group (n=7), which 

limits our ability to interpret the differences and similarities in the responses of the group. According to 

our power estimate, a sample size of 12 participants in the COUGH group would be required. It is 

possible that differences exist in the sensory-mechanical responses between COUGH and healthy 

participants and we risk a Type II error (Freiman et al., 1978) in concluding otherwise.  

We examined sex-related differences with regards to airway responses and cough in healthy 

participants, but were unable to assess whether sex differences exist for CA, CVA and COUGH. Most 

participants in those groups were female which is typical and representative of the higher prevalence of 

asthma and chronic cough in adult women than men (Irwin et al., 1998; Leynaert et al., 2012). 

Furthermore, the CVA group was significantly older than healthy participants and participants with CA, 

COUGH, and had a slightly lower proportion of females (this was not statistically significant). For most 

measurements, we presented the percent predicted values to account for the age- and sex-related 

differences. However, it is possible that differences in age and sex could mask the effects of DIs. 
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ICS use has been shown to both reduce sensitivity to MCh in individuals with CVA (Fujimura et 

al., 2005) and decrease cough sensitivity to capsaicin participants with CA (Ekstrand et al., 2011). 

Although medication use was not significantly different CA, CVA and COUGH groups, approximately 

73% percent of participants with CA, 40% of participants with CVA and 43% of participants with 

COUGH were taking ICSs prior to study enrollment, which could have attenuated their responses and/or 

sensitivity to MCh. Additionally, medication use could also potentially affect an individual’s response to 

DIs as demonstrated by Bel and coworkers (1990) that prior use of anti-inflammatory (leukotriene 

inhibitor) therapy enhanced of DI-induced bronchodilation during MCh challenge. 

Finally, despite separating the participants into four distinct groups, there was overlap in asthma 

severity (in terms of PC20) between CA and CVA, which could potentially influence the magnitude of the 

difference between the two groups. Even within the COUGH and CONTROL groups, there was a 

variable response to MCh, which could affect the interpretation of the results. Although all participants in 

the COUGH and CONTROL group, by definition, did not demonstrate AHR to MCh, it is possible that 

another stimulus (e.g. mannitol or cold air) could elicit AHR in these individuals (Turcotte et al., 2011). 

This deserves further attention with respect to identification of the phenotypic differences between CA, 

CVA, and COUGH and the relative role of sensory afferents in the different groups with respect to cough. 

Conclusion 

We have demonstrated that healthy participants develop minor cough and dyspnea, and mild 

bronchoconstriction, reduction in mid-to-late expiratory flows, and gas trapping and dynamic 

hyperinflation during high-dose MCh bronchoprovocation. Prior to a DI, they also develop significant 

increase in total resistance, comparable to that in CA, CVA and COUGH. The bronchodilating effect of a 

DI is preserved in healthy participants, mild CA and CVA, but impaired in COUGH. A comparison of the 

responses to high-dose MCh has revealed a continuum between healthy participants and participants with 

COUGH, CVA and CA, which may reflect a fundamental pathophysiological difference in terms of 

impairment versus preservation of the bronchodilating effect of DIs. COUGH appears to be a clinically 

relevant phenotype, distinct from healthy normal and from CVA. A larger study including participants 
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with more severe CA may help to fully elucidate the pathophysiological differences between CA and 

CVA, including the varying degrees of impairment and/or preservation of the bronchodilating effects of 

DIs. 
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Appendix J 

Symptoms, Spirometry and Lung Volumes for Healthy Participants at 

Baseline (Visit 1 versus Visit 2) 

 

Visit 1 

(n=15) 

Visit 2 

(n=15) 
P-Value 

Sensory Responses    

Cough Count^ 0.3 ± 0.1 0.2 ± 0.8 0.322 

Borg Overall 0.0 ± 0.1 0.0 ± 0.0 >0.999 

Spirometry    

FEV1 (L) 3.98 ± 0.89 4.01 ± 0.77 0.563 

FEV1 (%pr) 106.2 ± 11.7 107.4 ± 11.4 0.323 

FVC (L) 5.09 ± 1.30 5.14 ± 1.18 0.464 

FVC (%pr) 106.0 ± 14.1 107.4 ± 12.8 0.280 

FEV1/FVC 0.78 ± 0.06 0.79 ± 0.06 0.429 

FEV1/FVC (%pr) 91.5 ± 4.6 93.9 ± 5.8 0.451 

FEF50% (L/s) 4.91 ± 1.37 4.65 ± 1.24 0.054 

FEF50% (%pr) 100.9 ± 24.4 96.2 ± 25.0 0.093 

FEF25-75% (L/s) 3.81 ± 1.03 3.71 ± 0.99 0.291 

FEF25-75% (%pr) 94.1 ± 23.2 94.2 ± 22.7 0.950 

FEF75% (L/s) 1.73 ± 0.61 1.72 ± 0.55 0.677 

FEF75% (%pr) 79.3 ± 26.5 78.7 ± 23.8 0.748 

Lung Volumes 
   

TLC (L) 6.75 ± 1.68 6.78 ± 1.63 0.736 

TLC (%pr) 102.1 ± 13.3 102.7 ± 13.6 0.674 

RV (L) 1.74 ± 0.93 1.81 ± 0.82 0.597 

RV (%pr) 89.7 ± 46.3 93.4 ± 41.2 0.541 

RV/TLC 0.25 ± 0.11 0.26 ± 0.10 0.571 

RV/TLC (%pr) 84.6 ± 38.0 88.2 ± 32.9 0.479 

FRC (L) 3.26 ± 0.88 3.43 ± 0.89 0.090 

FRC (%pr) 91.8 ± 19.1 96.3 ± 17.3 0.114 

IC (L) 3.50 ± 1.03 3.45 ± 1.06 0.704 

IC (%pr) 109.6 ± 15.1 108.2 ± 18.1 0.741 

Resistance 
   

Raw, cmH2O/L/s 2.04 ± 0.95 2.07 ± 1.04 0.613 

Raw (%pr) 194.6 ± 59.7 188.6 ± 58.6 0.563 

sRaw, cmH2O/L/s 7.89 ± 5.51 7.71 ± 1.82 0.615 

sRaw (%pr) 204.2 ± 61.3 198.0 ± 48.5 0.711 

All values are Mean ± SD. P-value from paired t-test or Wilcoxon signed-rank test, as 

appropriate. Bolded values indicate significant differences. 
 

^Number of coughs measured during baseline measurements; 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. 

 

  



 97 

Appendix K 

Symptoms, Spirometry and Lung Volumes for Healthy Participants at Baseline 

(Traditional versus Modified High-dose Methacholine Challenge Protocols) 

 

Traditional High-Dose 

MCh Challenge 

 (n=15) 

Modified High-Dose 

MCh Challenge 

 (n=15) 

P-Value 

Sensory Responses    

Cough Count^ 0.3 ± 1.0 0.1 ± 0.5 0.115 

Borg Overall 0.0 ± 0.1 0.0 ± 0.0 >0.999 

Spirometry    

FEV1 (L) 4.02 ± 0.83 4.00 ± 0.81 0.217 

FEV1 (%pr) 107.7 ± 11.7 106.9 ± 10.9 0.167 

FVC (L) 5.12 ± 1.20 5.15 ± 1.26 0.954 

FVC (%pr) 106.8 ± 12.8 103.4 ± 22.7 0.923 

FEV1/FVC 0.80 ± 0.07 0.79 ± 0.08 0.510 

FEV1/FVC (%pr) 94.4 ± 8.2 98.4 ± 8.2 0.658 

FEF50% (L/s) 4.87 ± 1.33 4.69 ± 1.28 0.114 

FEF50% (%pr) 100.5 ± 25.9 96.6 ± 23.4 0.082 

FEF25-75% (L/s) 3.78 ± 1.01 3.74 ± 1.01 0.052 

FEF25-75% (%pr) 94.8 ± 22.5 93.6 ± 23.5 0.053 

FEF75% (L/s) 1.76 ± 0.60 1.69 ± 0.55 0.993 

FEF75% (%pr) 80.4 ± 26.1 77.5 ± 24.2 0.400 

Lung Volumes 

   TLC (L) 6.73 ± 1.71 6.79 ± 1.63 0.475 

TLC (%pr) 101.7 ± 13.1 103.1 ± 13.8 0.326 

RV (L) 1.76 ± 0.93 1.79 ± 0.82 0.747 

RV (%pr) 90.2 ± 45.5 92.9 ± 42.1 0.652 

RV/TLC 0.25 ± 0.11 0.26 ± 0.10 0.578 

RV/TLC (%pr) 85.4 ± 37.0 87.5 ± 34.2 0.679 

FRC (L) 3.32 ± 0.95 3.44 ± 0.98 0.590 

FRC (%pr) 93.0 ± 19.4 108.0 ± 16.2 0.446 

IC (L) 3.52 ± 1.11 3.4 ± 1.0 0.561 

IC (%pr) 109.8 ± 17.1 108.0 ± 16.2 0.654 

Resistance 

 

  

 Raw, cmH2O/L/s 2.44 ± 0.80 2.17 ± 0.74 0.494 

Raw (%pr) 204.2 ± 69.7 178.6 ± 55.0 0.270 

sRaw, cmH2O/L/s 8.51 ± 2.17 7.71 ± 1.72 0.461 

sRaw (%pr) 212.2 ± 51.3 193.0 ± 45.0 0.233 

All values are Mean ± SD. P-value from paired t-test or Wilcoxon signed-rank test, as 

appropriate. Bolded values indicate significant differences. 
 

^Number of coughs measured during baseline measurements; 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. 

  



 98 

Appendix L 

Impulse Oscillometry Values for Healthy Participants at Baseline 

(Visit 1 versus Visit 2) 

 Visit 1 

 (n=15) 

Visit 2 

 (n=15) 

 

Before DI 

avoidance 

After DI 

Avoidance 

Before DI 

avoidance 

After DI 

Avoidance 

R5, cmH2O/L/s 3.55 ± 0.91 3.54 ± 1.01 3.61 ± 0.87 3.64 ± 1.00 

R20, cmH2O/L/s 3.52 ± 1.11 3.49 ± 0.90 3.53 ± 0.94 3.60 ± 0.91 

R5-R20, cmH2O/L/s 0.21 ± 0.13 0.23 ± 0.16 0.24 ± 0.15 0.26 ± 0.16 

X5, cmH2O/L/s -0.78 ± 0.42 -0.71 ± 0.32 -0.81 ± 0.56 -0.74 ± 0.42 

AX, cmH2O/L 1.19 ± 0.89 1.26 ± 0.96 1.55 ± 1.15 1.36 ± 1.18 

fres, Hz 8.02 ± 1.02 8.14 ± 1.28 8.41 ± 1.70 8.47 ± 2.30 

Values are Mean ± SD. P-values from paired t-test or Wilcoxon signed-rank test, as appropriate. Bolded 

values indicate significant differences. 
 

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.  
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Appendix M 

Impulse Oscillometry Values for Healthy Participants at Baseline 

(Traditional versus Modified High-dose Methacholine Challenge Protocols) 

 Traditional High-Dose  

MCh Challenge 

 (n=15) 

Modified High-Dose  

MCh Challenge 

 (n=15) 

 

Before DI 

avoidance 

After DI 

Avoidance 

Before DI 

avoidance 

After DI 

Avoidance 

R5, cmH2O/L/s 3.52 ± 0.96 3.51 ± 0.88 3.60 ± 1.00 3.66 ± 1.11 

R20, cmH2O/L/s 3.50 ± 0.95 3.52 ± 0.82 3.52 ± 0.93 3.57 ± 0.98 

R5-R20, cmH2O/L/s 0.21 ± 0.14 0.22 ± 0.12 0.26 ± 0.14 0.26 ± 0.15 

X5, cmH2O/L/s -0.73 ± 0.36 -0.70 ± 0.35 -0.84 ± 0.47 -0.75 ± 0.39 

AX, cmH2O/L 1.27 ± 1.04 1.10 ± 0.84 1.62 ± 1.46 1.35 ± 1.12 

fres, Hz 8.24 ± 1.29 7.95 ± 1.01 8.67 ± 1.73* 8.66 ± 2.38* 

Values are Mean ± SD. P-values from paired t-test or Wilcoxon signed-rank test, as appropriate. 

Bolded values indicate significant differences. 
 

AX = reactance area; DI = deep inspiration; fres = resonant frequency; MCh = methacholine; R5 = total 

respiratory resistance; R5-R20 = peripheral respiratory resistance; R20 = central respiratory resistance; 

X5 = peripheral reactance.  

*p<0.05, compared to traditional high-dose MCh challenge. 
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Appendix N 

Symptoms, Spirometry and Lung Volumes for Healthy Participants at MAX 

 

Traditional High-Dose 

MCh Challenge 

(n=15) 

Modified High-Dose 

MCh Challenge 

(n=15) 

P-Value 

Sensory Responses    

Cough Count^ 3.7 ± 4.7§ 2.7 ± 3.4* 0.260 

Borg Overall 0.5 ± 0.8* 0.6 ± 1.1*  0.719 

Spirometry    

FEV1 (L) 3.49 ± 0.86ψ 3.42 ± 0.84ψ 0.470 

FEV1 (%pr) 93.0 ± 14.4ψ 91.0 ± 13.6 0.428 

FVC (L) 4.96 ± 1.29§  4.84 ± 1.31 0.241  

FVC (%pr) 103.0 ± 13.4§ 100.4 ± 13.3 0.225 

FEV1/FVC 0.71 ± 0.07ψ 0.72 ± 0.09§ 0.388 

FEV1/FVC (%pr) 90.0 ± 7.2* 91.1 ± 8.5* 0.324 

FEF50% (L/s) 3.19 ± 1.19ψ  3.16 ± 1.14ψ 0.844  

FEF50% (%pr) 65.1 ± 19.8ψ 64.4 ± 20.5ψ 0.849 

FEF25-75% (L/s) 2.48 ± 0.88ψ 2.61 ± 0.90ψ 0.411  

FEF25-75% (%pr) 61.9 ± 20.4ψ 65.4 ± 22.0ψ 0.385 

FEF75% (L/s) 1.12 ± 0.54*  1.08 ± 0.44ψ 0.708  

FEF75% (%pr) 51.1 ± 24.1* 49.5 ± 20.5ψ 0.753 

Lung Volumes 
   

TLC (L) 6.78 ± 1.77  6.87 ± 1.55  0.566 

TLC (%pr) 102.5 ± 15.3 101.8 ± 12.4 0.116 

RV (L) 1.96 ± 0.88  1.90 ± 0.84  0.949  

RV (%pr) 100.6 ± 41.0 100.7 ± 39.7 0.989 

RV/TLC 0.28 ± 0.09* 0.28 ± 0.09  0.919 

RV/TLC (%pr) 96.5 ± 15.7 95.7 ± 30.4 0.115 

FRC (L) 3.52 ± 0.89  3.74 ± 0.81* 0.133 

FRC (%pr) 99.3 ± 20.2 105.7 ± 17.5* 0.147 

IC (L) 3.32 ± 1.09* 3.06 ± 0.90* 0.091 

IC (%pr) 103.3 ± 18.2* 95.9 ± 16.2* 0.111 

Resistance 
   

Raw, cmH2O/L/s 3.64 ± 1.48§ 3.55 ± 1.95* 0.600 

Raw (%pr) 300.9 ± 115.7§ 290.7 ± 144.1* 0.632 

sRaw, cmH2O/L/s 13.77 ± 5.33ψ 14.49 ± 7.72* 0.489 

sRaw (%pr) 343.3 ± 133.7ψ 361.3 ± 194.5* 0.569 

Closing Indices    
% ∆FVC

% ∆FEV1

 0.41 ± 0.98 0.12 ± 0.15 0.033 

% ∆FVC −  % ∆ (
FEV1

FVC )

%∆FEV1

 -0.63 ± 0.34 -0.80 ± 0.21 0.651 

All values are Mean ± SD. P-value from paired t-test or Wilcoxon signed-rank test, as appropriate. 

Bolded values indicate significant differences. 
 

^Number of coughs measured at MAX dose (2 minutes nebulization period, followed by 3 minutes 

‘rest’); 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% FVC; FEF25-75% = mean forced expiratory flow during the middle half of the FVC; FEF75% = 

forced expiratory flow at 75% FVC; 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. 
ψp<0.0001, compared to baseline; §p<0.001, compared to baseline; *p=0.05, compared to baseline. 
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Appendix O 

Impulse Oscillometry Values for Healthy Participants at MAX 

 

Traditional High-Dose 

MCh Challenge 

(n=15) 

Modified High-Dose      

MCh Challenge 

(n=15) 

P-Value 

R5, cmH2O/L/s 5.36 ± 1.85ψ 6.20 ± 1.86ψ 0.008 

R20, cmH2O/L/s 4.39 ± 1.31§ 4.59 ± 1.22§ 0.365 

R5-R20, cmH2O/L/s 1.05 ± 0.83* 1.61 ± 1.06§ 0.031 

X5, cmH2O/L/s -1.38 ± 0.76§ -2.05 ± 1.08ψ 0.006 

AX, cmH2O/L 8.33 ± 10.26ψ 14.63 ± 14.46ψ 0.005 

fres, Hz 15.43 ± 6.95§ 19.35 ± 6.20ψ 0.034 

Values are Mean ± SD. P-values from paired t-test or Wilcoxon signed-rank test, as appropriate. 

Bolded values indicate significant differences. 
 

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. 
ψp<0.0001, compared to baseline. 
§p<0.001, compared to baseline. 

*p<0.05, compared to baseline. 
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Appendix P 

Participant Characteristics of Healthy Participants Stratified by Sex 

 

 
Female 

(n=9) 

Male 

(n=6) 
P-value 

Age (years) 30.8 ± 7.4 32.3 ± 7.5 0.748 

Height (cm) 171.4 ± 5.4 183.7 ± 7.9 0.005 

Mass (kg) 68.1 ± 8.2 88.3 ± 12.8 0.003 

BMI (kg/m2) 23.1 ± 2.8 26.1 ± 2.7 0.046 

Smoking History (pack y) 5 (n=1) 0 N/A 

PC20 MCh (mg/mL) 147.2 ± 70.0 (n=2)# 39.6 ± 16.0 (n=2)# N/A 

All values are Mean ± SD, except #denoting Median ± Median Absolute Deviation.  

BMI = body mass index; MCh = methacholine; PC20 = provocative concentration eliciting a 20% decline 

in FEV1 from baseline; y = years. 
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Appendix Q 

Responses during Traditional High-dose MCh Challenge Stratified by Sex  

 

  Female (n=9) Male (n=6) 

 Baseline MAX P-value Baseline MAX P-value 

Sensory Responses       

Cough Count^ 0.3 ± 1.0 2.8 ± 3.8 0.636 0.3 ± 0.8 0.8 ± 0.8 0.250 

Borg Overall 0.0 ± 0.0 0.6 ± 1.0  0.250 0.0 ± 0.0 0.3 ± 1.8  >0.9999 

Spirometry       

FEV1 (L) 3.56 ± 0.35 3.01 ± 0.40 <0.001 4.73 ± 0.85* 4.21 ± 0.89* 0.022 

FEV1 (%pr) 107.4 ± 10.1 90.7 ± 11.2 <0.001 108.1 ± 14.8 96.4 ± 18.8 0.018 

FVC (L) 4.39 ± 0.57 4.18 ± 0.56 0.026 6.21 ± 1.07* 6.13 ± 1.17* 0.125 

FVC (%pr) 105.2 ± 14.7 100.0 ± 14.2 0.027 109.1 ± 10.2 107.5 ± 11.9 0.156 

FEV1/FVC 0.82 ± 0.07 0.72 ± 0.07 <0.001 0.76 ± 0.07 0.69 ± 0.09 0.033 

FEV1/FVC (%pr) 102.9 ± 7.9 91.2 ± 7.0 <0.001 99.1 ± 9.5 89.6 ± 13.0 0.041 

FEF50% (L/s) 4.65 ± 1.08 2.80 ±0.64 <0.001 5.19 ± 1.71 3.79 ±1.60 0.077 

FEF50% (%pr) 106.9 ± 23.1 64.0 ± 13.2 <0.001 90.9 ± 29.0 66.6 ± 28.5 0.077 

FEF25-75% (L/s) 3.58 ± 0.89 2.13 ± 0.47 <0.001 4.10 ± 1.18 3.01 ± 1.13 0.057 

FEF25-75% (%pr) 96.5 ± 21.4 57.4 ± 11.4 <0.001 92.1 ± 25.8 68.7 ± 29.7 0.049 

FEF75% (L/s) 1.69 ± 0.71 0.97 ± 0.44 0.014 1.86 ± 0.44 1.35 ± 0.64 0.064 

FEF75% (%pr) 81.9 ± 29.9 47.0 ± 19.8 0.011 78.2 ± 21.6 57.3 ± 30.8 0.065 

Lung Volumes 
 

     

TLC (L) 5.76 ± 0.81 5.88 ± 1.0 0.576 8.13 ± 1.80* 8.12 ± 1.89* 0.960 

TLC (%pr) 99.4 ± 12.3 100.8 ± 15.3 0.599 105.2 ± 14.7 105.0 ± 16.4 0.925 

RV (L) 1.58 ± 0.87 1.77 ± 0.80 0.332 2.01 ± 1.04 2.26 ± 0.97 0.298 

RV (%pr) 86.4 ± 46.9 95.0 ± 41.0 0.357 95.8 ± 47.0 107.6 ± 43.7* 0.302 

RV/TLC 0.26 ± 0.12 0.29 ± 0.10 0.275 0.24 ± 0.09 0.26 ± 0.08 0.340 

RV/TLC (%pr) 83.9 ± 40.7 89.4 ± 16.4 0.036 87.6 ± 34.1 82.4 ± 10.4 0.020 

FRC (L) 2.94 ± 0.56 3.25 ± 0.75 0.123 3.88 ± 1.18 3.96 ± 0.97 0.662 

FRC (%pr) 91.3 ± 14.6 100.2 ± 21.6 0.117 95.6 ± 26.4 97.9 ± 19.8 0.627 

IC (L) 2.85 ± 0.42 2.27 ± 0.51 0.012 4.52 ± 1.01* 4.30 ± 0.98* 0.391 

IC (%pr) 103.8 ± 14.6 96.6 ± 16.6 0.012 118 .8± 17.6 113.4 ± 16.8* 0.395 

Resistance 
 

  
 

  

Raw (cmH2O/L/s) 2.32 ± 0.65 3.78 ± 2.23 0.008 1.95 ± 0.88 3.21 ± 1.57 0.031 

Raw (%pr) 176.5 ± 51.2 286.4 ± 167.4 0.008 181.8 ± 65.1 297.1 ± 114.9 0.031 

sRaw (cmH2O/L/s) 7.67 ± 1.87 13.97 ± 8.48 0.004 7.76 ± 1.62 15.3 ± 7.12 0.034 

sRaw (%pr) 203.4 ± 49.5 370.2 ± 224.9 0.004 177.4 ± 36.5 347.9 ± 156.8 0.031 

All values are Mean ± SD. P-value from paired t-test, Wilcoxon signed-rank test (within sex comparisons) or unpaired 

t-test or Mann-Whitney U test (between sex comparison), as appropriate. Bolded values indicate significant 

differences. 
 

^Number of coughs measured at baseline and MAX; 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<0.05, compared to measures for female participants. 
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Appendix R 

Responses during Modified High-dose MCh Challenge Stratified by Sex 

  Female (n=9) Male (n=6) 

 Baseline MAX P-value Baseline MAX P-value 

Sensory Responses       

Cough Count^ 0.2 ± 0.7 2.8 ± 3.8 0.036 0.0 ± 0.0 0.8 ± 0.8 0.150 

Borg Overall 0.0 ± 0.0 0.6 ± 1.0  0.250 0.0 ± 0.0 0.3 ± 1.8  >0.9999 

Spirometry       

FEV1 (L) 3.51 ± 0.41 2.97 ± 0.44 0.013 4.65 ± 0.84* 4.09 ± 0.89* 0.008 

FEV1 (%pr) 105.8 ± 11.1 89.6 ± 12.9 0.015 106.1 ± 12.9 93.2 ± 15.6 0.008 

FVC (L) 4.35 ± 0.60 4.04 ± 0.54 0.131 6.27 ± 1.19* 6.04 ± 1.22* <0.001 

FVC (%pr) 104.4 ± 15.9 96.8 ± 13.2 0.137 109.9 ± 11.7 105.9 ± 12.5 <0.001 

FEV1/FVC 0.81 ± 0.08 0.74 ± 0.08 0.001 0.75 ± 0.07 0.68 ± 0.10 0.029 

FEV1/FVC (%pr) 102.2 ± 8.7 93.0 ± 10.1 0.052 96.8 ± 10.0 88.3 ± 13.3 0.055 

FEF50% (L/s) 4.39 ± 0.89 2.80 ± 0.88 <0.001 5.14 ± 1.71 3.69 ± 1.34 0.017 

FEF50% (%pr) 100.8 ± 17.2 64.3 ± 19.7 <0.001 90.2 ± 31.4 64.5 ± 23.6 0.016 

FEF25-75% (L/s) 3.53 ± 0.90 2.38 ± 0.84 0.001 4.04 ± 1.17 2.96 ± 0.96 0.003 

FEF25-75% (%pr) 95.0 ± 20.4 64.3 ± 21.9 0.001 91.5 ± 29.3 67.0 ± 24.3 0.003 

FEF75% (L/s) 1.65 ± 0.66 1.01 ± 0.48 0.005 1.76 ± 0.38 1.18 ± 0.39 <0.001 

FEF75% (%pr) 79.8 ± 26.8 49.4 ± 22.4 0.005 74.0 ± 21.6 49.7 ± 19.3 0.001 

Lung Volumes 
 

     

TLC (L) 5.97 ± 0.81 6.01 ± 0.80 0.426 8.03 ± 1.74* 8.07 ± 1.68* 0.628 

TLC (%pr) 102.5 ± 14.0 92.2 ± 16.6 0.391 104.0 ± 14.7 96.2 ± 12.3 0.188 

RV (L) 1.73 ± 0.75 1.96 ± 0.70 0.107 1.89 ± 0.98 1.93 ± 0.95 0.667 

RV (%pr) 94.6 ± 44.0 106.0 ± 39.1 0.123 90.3 ± 43.1 92.9 ± 42.9 0.580 

RV/TLC 0.28 ± 0.11 0.32 ± 0.085 0.081 0.23 ± 0.09 0.24 ± 0.09 0.497 

RV/TLC (%pr) 89.9 ± 36.3 100.1 ± 28.8 0.088 84.0 ± 33.6 86.7 ± 33.6 0.477 

FRC (L) 3.05 ± 0.61 3.40 ± 0.73 0.058 3.86 ± 0.88* 4.25 ± 0.68* 0.108 

FRC (%pr) 94.7 ± 17.5 105.4 ± 20.4 0.061 96.1 ± 19.0 106.0 ± 14.0 0.115 

IC (L) 2.89 ± 0.36 2.54 ± 0.47 0.070 4.3 ± 1.1* 3.84 ± 0.83* 0.042 

IC (%pr) 105.1 ± 12.8 91.8 ± 14.7 0.068 112.3 ± 20.8 101.9 ± 17.7 0.041 

Resistance 
 

  
 

  

Raw (cmH2O/L/s) 2.32 ± 0.65 3.78 ± 2.23 0.008 1.95 ± 0.88 3.21 ± 1.57 0.031 

Raw (%pr) 176.5 ± 51.2 286.4 ± 167.4 0.008 181.8 ± 65.1 297.1 ± 114.9 0.031 

sRaw (cmH2O/L/s) 7.67 ± 1.87 13.97 ± 8.48 0.004 7.76 ± 1.62 15.3 ± 7.12 0.034 

sRaw (%pr) 203.4 ± 49.5 370.2 ± 224.9 0.004 177.4 ± 36.5 347.9 ± 156.8 0.031 

All values are Mean ± SD. P-value from paired t-test, Wilcoxon signed-rank test (within sex comparisons) or 

unpaired t-test or Mann-Whitney U test (between sex comparison), as appropriate. Bolded values indicate 

significant differences. 
 

^Number of coughs measured at baseline and MAX; 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<0.05, compared to measures for female participants. 
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Appendix S 

Impulse Oscillometry Responses during Traditional High-dose MCh Challenge 

Stratified by Sex 

  Female (n=9) Male (n=6) 

 Baseline MAX P-value Baseline MAX P-value 

R5 (cmH2O/L/s) 3.52 ± 0.85 5.41 ± 1.89 0.004 3.50 ± 1.01 5.28 ± 1.96 0.013 

R20 (cmH2O/L/s) 3.57 ± 0.86 4.41 ± 1.48 0.010 3.44 ± 0.82 4.36 ± 1.12 0.005 

R5-R20 (cmH2O/L/s) 0.25 ± 0.14 2.39 ± 1.05 0.003 0.23 ± 0.15 0.93 ± 1.33 0.038 

AX (cmH2O/L) 1.45 ± 1.03 8.21 ± 7.86 0.025 1.00 ± 1.09 5.19 ± 6.15 0.101 

X5 (cmH2O/L/s) -0.84 ± 0.32 -1.47 ± 0.61 0.007 -0.49 ± 0.30 -1.24 ± 0.99 0.048 

fres (Hz) 8.26 ± 0.87 15.56 ± 5.53 0.003 7.49 ± 1.11 15.23 ± 9.29 0.070 

All values are Mean ± SD. P-value from paired t-test, Wilcoxon signed-rank test (within sex comparisons) 

or unpaired t-test or Mann-Whitney U test (between sex comparison), as appropriate. Bolded values indicate 

significant differences. 
 

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. 
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Appendix T 

Impulse Oscillometry Responses during Modified High-dose MCh Challenge 

Stratified by Sex 

  Female (n=9) Male (n=6) 

 Baseline MAX P-value Baseline MAX P-value 

R5 (cmH2O/L/s) 3.49 ± 0.84 6.24 ± 1.31 0.001 3.92 ± 1.49 6.14 ± 2.63 0.022 

R20 (cmH2O/L/s) 3.45 ± 0.89 4.61 ± 1.09 0.002 3.76 ± 1.16 4.55 ± 1.49 0.076 

R5-R20 (cmH2O/L/s) 0.04 ± 0.34 1.63 ± 1.06 0.005 0.16 ± 0.11 1.59 ± 1.09 0.033 

AX (cmH2O/L) 1.48 ± 0.86 14.18 ± 9.54 0.006 1.16 ± 1.49 15.31 ± 20.95 0.135 

X5 (cmH2O/L/s) -0.82 ± 0.26 -2.09 ± 0.58 0.001 -0.64 ± 0.54 -1.99 ± 1.64 0.033 

fres (Hz) 8.56 ± 1.13 18.98 ± 5.55 0.001 8.82 ± 3.72 19.89 ± 7.60 0.002 

All values are Mean ± SD. P-value from paired t-test, Wilcoxon signed-rank test (within sex comparisons) 

or unpaired t-test or Mann-Whitney U test (between sex comparison), as appropriate. Bolded values indicate 

significant differences. 
 

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. 
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Appendix U 

Responses during Modified High-dose Methacholine Protocol at Baseline  

 CA CVA COUGH CONTROL 
P-value 

 (n=11) (n=10) (n=7) (n=15) 

Sensory Responses      

Cough Count^ - - - 0.1 ± 0.5 N/A 

Borg Overall 0.1 ± 0.2 (n=10) 0.5 ± 0.7 (n=8) 0.8 ± 1.1 (n=6) 0.0 ± 0.0 0.034 

Spirometry      

FEV1 (L) 2.92 ± 0.97 2.64 ± 0.47 3.27 ± 0.85  4.00 ± 0.81ψ§ 0.001 

FEV1 (%pr) 88.2 ± 19.1 82.7 ± 12.2 99.4 ± 19.8 106.9 ± 10.9ψ§ 0.002 

FVC (L) 3.97 ± 1.34 3.65 ± 0.86 4.23 ± 1.3 5.15 ± 1.26ψ 0.020 

FVC (%pr) 99.9 ± 19.8 95.8 ± 15.4 104.7 ± 20.4 103.4 ± 22.7 0.768 

FEV1/FVC (%) 0.74 ± 0.06 0.74 ± 0.08 0.78 ± 0.07 0.79 ± 0.08 0.215 

FEV1/FVC (%pr) 89.9 ± 6.2 92.2 ± 9.0 96.4 ± 9.5 98.4 ± 8.2 0.233 

FEF50% (L/s) 2.94 ± 1.08 2.87 ± 1.28 3.63 ± 0.93 4.69 ± 1.28ψ§ 0.001 

FEF50% (%pr) 68.9 ± 23.0 77.2 ± 31.6 87.6 ± 26.4 96.6 ± 23.4 0.059 

FEF25-75% (L/s) 2.30 ± 0.96 2.12 ± 0.70 2.92 ± 0.95 3.74 ± 1.01ψ§ <0.001 

FEF25-75% (%pr) 70.0 ± 23.1 74.7 ± 19.9 90.4 ± 36.9 93.6 ± 23.5 0.081 

FEF75% (L/s) 0.88 ± 0.44 0.78 ± 0.26 1.39 ± 0.59* 1.69 ± 0.55ψ§ <0.001 

FEF75% (%pr) 53.6 ± 24.2 64.3 ± 18.9 93.2 ± 48.6ψ 77.5 ± 24.2 0.032 

Lung Volumes      

TLC (L) 5.64 ± 1.75 5.83 ± 1.39 6.16 ± 1.07 6.79 ± 1.63 0.246 

TLC (%pr) 102.6 ± 19.4 100.8 ± 17.1 105.7 ± 7.26 103.1 ± 13.8 0.935 

RV (L) 1.68 ± 0.74 2.06 ± 0.62 1.95 ± 0.25 1.79 ± 0.82 0.605 

RV (%pr) 107.3 ± 45.8 109.8 ± 24.8 116.1 ± 22.4 92.9 ± 42.1 0.504 

RV/TLC 0.30 ± 0.09 0.35 ± 0.06 0.33 ± 0.07 0.26 ± 0.10 0.075 

RV/TLC (%pr) 90.5 ± 26.3 94.1 ± 10.8 96.4 ± 18.2 87.5 ± 34.2 0.868 

IC (L) 3.13 ± 1.20 2.80 ± 0.74 2.75 ± 0.35 3.44 ± 0.98ψ 0.022 

IC (%pr) 125.4 ± 36.5 115.9 ± 22.9 104.5 ± 12.3 108.0 ± 16.2 0.227 

Resistance       

Raw (cmH2O/L/s) 2.87 ± 0.87 2.48 ± 0.88 2.24 ± 0.80 2.17 ± 0.74 0.078 

Raw (%pr) 193.3 ± 81.4 169.8 ± 64.2 152.9 ± 45.0 178.6 ± 55.0 0.336 

sRaw (cmH2O/L/s) 9.31 ± 5.06 8.56 ± 3.85 7.18 ± 2.71 7.71 ± 1.72 0.042 

sRaw (%pr) 228.3 ± 110.9 214.8 ± 85.5 181.3 ± 75.0 193.0 ± 45.0 0.054 

All values are Mean ± SD. P-values from ANOVA with Bonferroni correction. Bolded values indicate 

significant differences.  
 

^Number of coughs during baseline measurements; CA = classic asthma; CONTROL = healthy participants; 

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; sRaw = specific airway resistance; TLC 

= total lung capacity.  
ψp<0.05, compared to the CA group by ANOVA with Bonferroni correction. 
§p<0.05, compared to the CVA group by ANOVA with Bonferroni correction. 

*p=0.076, compared to the CVA group by ANOVA with Bonferroni correction. 
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Appendix V 

Responses during Modified High-dose Methacholine Protocol at MAX  

  CA CVA COUGH CONTROL P-value 

  (n=11) (n=10) (n=7) (n=15)  

Sensory Responses      

Cough Count^ 1.7 ± 2.9 (n=9) 33.0 ± 24.0 (n=9) 32.0 ± 27.1 5.6 ± 3.7  <0.001 

Borg Overall 2.7 ± 1.7 (n=10) 2.1 ± 2.2 (n=8) 2.8 ± 1.8 (n=6) 0.5 ± 0.9 0.004 

Spirometry      

FEV1 (L) 1.83 ± 0.59 1.73 ± 0.36 2.58 ± 0.90 3.42 ± 0.84ψ§ <0.001 

FEV1 (%pr) 54.9 ± 11.2 54.3 ± 9.5 78.5 ± 24.2ψ§ 91.0 ± 13.6ψ§ <0.001 

FVC (L) 2.85 ± 0.92 2.88 ± 0.90 3.74 ± 1.43 4.84 ± 1.31ψ§ <0.001 

FVC (%pr) 71.4 ± 13.6 75.1 ± 16.3 92.1 ± 25.3 100.4 ± 13.3ψ§ <0.001 

FEV1/FVC (%) 0.64 ± 0.08 0.62 ± 0.07 0.70 ± 0.09 0.72 ± 0.09§ 0.020 

FEV1/FVC (%pr) 77.6 ± 9.3 77.2 ± 8.6 85.8 ± 11.9 91.1 ± 8.5ψ§ 0.037 

FEF50% (L/s) 1.35 ± 0.71 1.18 ± 0.25 2.53 ± 0.86ψ§ 3.16 ± 1.14ψ§ <0.001 

FEF50% (%pr) 45.5 ± 20.7 32.3 ± 6.9 61.4 ± 24.7§ 64.4 ± 20.5§ 0.001 

FEF25-75% (L/s) 1.08 ± 0.56 0.93 ± 0.25 1.91 ± 0.68§ 2.61 ± 0.90ψ§ <0.001 

FEF25-75% (%pr) 32.4 ± 13.4 33.1 ± 7.1 58.8 ± 23.9ψ§ 65.4 ± 22.0ψ§ <0.001 

FEF75% (L/s) 0.44 ± 0.22 0.39 ± 0.25 0.79 ± 0.28 1.08 ± 0.44ψ§ <0.001 

FEF75% (%pr) 26.8 ± 10.1 30.6 ± 17.0 51.9 ± 20.2ψ 49.5 ± 20.5ψ 0.003 

Lung Volumes      

TLC (L) 5.69 ± 1.72 5.81 ± 1.40 6.13 ± 1.07 6.87 ± 1.55  0.194 

TLC (%pr) 103.5 ± 18.3 100.3 ± 17.1 105.2 ± 7.4 101.8 ± 12.4 0.176 

RV (L) 2.35 ± 0.81 2.47 ± 0.75 2.13 ± 0.37 1.90 ± 0.84  0.311 

RV (%pr) 149.3 ± 47.4 131.0 ± 30.7 128.0 ± 33.7 100.7 ± 39.7ψ 0.026 

RV/TLC 0.42 ± 0.10 0.42 ± 0.08 0.36 ± 0.09 0.28 ± 0.09ψ  0.029 

RV/TLC (%pr) 126.3 ± 28.0 112.9 ± 17.4 106.5 ± 26.8 94.7 ± 30.4ψ 0.040 

IC (L) 2.27 ± 1.08 2.23 ± 0.54 2.41 ± 0.43 3.06 ± 0.90ψ  0.048 

IC (%pr) 89.7 ± 29.0 91.9 ± 14.1 91.5 ± 17.2 95.9 ± 16.2 0.879 

Resistance       

Raw (cmH2O/L/s) 6.62 ± 1.86 4.79 ± 2.12 5.07 ± 4.32 3.55 ± 1.95  0.112 

Raw (%pr) 435.4 ± 122.8 329.0 ± 154.0 354.8 ± 319.0 290.7 ± 144.1 0.153 

sRaw (cmH2O/L/s) 25.45 ± 10.81 22.58 ± 11.12 11.44 ± 5.24ψ 14.49 ± 7.72  0.003 

sRaw (%pr) 635.9 ± 270.6 569.9 ± 276.5 286.8 ± 136.7ψ 361.3 ± 194.5 0.015 

All values are Mean ± SD. P-values from ANOVA with Bonferroni correction. Bolded values indicate significant 

differences.  
 

^Total (summed) number of coughs in response to MCh; CA = classic asthma; CONTROL = healthy participants; 

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.  
ψp<0.05, compared to the CA group by ANOVA with Bonferroni correction. 
§p<0.05, compared to the CVA group by ANOVA with Bonferroni correction. 
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Appendix W 

Impulse Oscillometry Responses during Modified High-dose Methacholine 

Protocol at Baseline  

 CA 

(n=11) 

CVA  

(n=10) 

COUGH 

(n=7) 

CONTROL 

(n=15) 

P-value 

R5 (cmH2O/L/s) 5.44 ± 1.56 4.34 ± 1.21 4.07 ± 1.95 3.60 ± 1.00ψ 0.025 

R20 (cmH2O/L/s) 4.16 ± 1.34 3.48 ± 0.98 3.36 ± 1.39 3.52 ± 0.93 0.424 

R5-R20 (cmH2O/L/s) 1.28 ± 0.52 0.86 ± 0.39 0.74 ± 0.70 0.26 ± 0.14ψ§ <0.001 

X5 (cmH2O/L/s) -1.90 ± 0.86 -1.34 ± 0.26 -1.36 ± 1.26 -0.84 ± 0.47ψ 0.003 

AX (cmH2O/L) 10.43 ± 6.39 5.35 ± 2.86 5.54 ± 9.75 1.62 ± 1.46ψ 0.001 

fres (Hz) 17.17 ± 3.27 14.17 ± 2.10 11.31 ± 6.19ψ 8.67 ± 1.73ψ§ <0.001 

Values are MEAN ± SD. P-values from ANOVA with Bonferroni correction. Bolded values indicate 

significant differences. 
 

AX = reactance area; CA = classic asthma; CONTROL = healthy participants; 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.  
ψp<0.05 compared to the CA group by ANOVA with Bonferroni correction. 
§p<0.05 compared to the CVA group by ANOVA with Bonferroni correction. 
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Appendix X 

Impulse Oscillometry Responses during Modified High-dose Methacholine 

Protocol at MAX 

 

CA 

(n=11) 

CVA 

(n=10) 

COUGH 

(n=7) 

CONTROL 

(n=15) 

P-value 

R5 (cmH2O/L/s) 8.11 ± 2.06 6.66 ± 2.22 6.55 ± 3.59 6.20 ± 1.86 0.226 

R20 (cmH2O/L/s) 3.91 ± 0.91 3.46 ± 0.67 4.14 ± 1.42 4.59 ± 1.22 0.094 

R5-R20 (cmH2O/L/s) 4.18 ± 1.41 3.20 ± 1.64 2.37 ± 2.82 1.61 ± 1.06ψ 0.003 

X5 (cmH2O/L/s) -6.20 ± 3.11 -4.85 ± 2.77 -2.89 ± 5.59 -2.05 ± 1.08ψ 0.001 

AX (cmH2O/L) 50.89 ± 28.31 39.13 ± 26.94 21.83 ± 34.68 14.63 ± 14.46ψ 0.005 

fres (Hz) 27.90 ± 7.00 23.36 ± 4.99 18.64 ± 9.03ψ 19.35 ± 6.20ψ 0.006 

Values are MEAN ± SD. P-values from ANOVA with Bonferroni correction. Bolded values indicate 

significant differences. 
 

AX = reactance area; CA = classic asthma; CONTROL = healthy participants; 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.   
ψp<0.05 compared to the CA group by ANOVA with Bonferroni correction. 
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