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Abstract 

Until relatively recently asthma was considered to be an allergic disease characterised by 

airway inflammation. However, emerging evidence suggests that approximately 50% of 

asthmatics have no overt signs of inflammation. The pathophysiological mechanisms 

underlying disease in this group - non-eosinophilic asthma (NEA) - remain poorly 

understood. 

In 130 young-adults with generally well-controlled asthma and 79 non-asthmatics (aged 14-

21 years), various non-invasive approaches were used to assess both inflammatory and non-

inflammatory mechanisms in eosinophilic asthma (EA) and NEA. Studies focussed on: (i) 

neural mechanisms (including autonomic nervous system (ANS) activity, sensory nerve 

activity, and levels of neural mediators in induced sputum); and (ii) airway remodelling 

(measuring induced sputum levels of airway remodelling mediators), in different asthma 

phenotypes, whilst also taking into account clinical and inflammatory characteristics. In 

addition, the response to short acting β-agonist (SABA) and short acting muscarinic-

antagonist (SAMA) treatment was compared between asthma phenotypes. 

Differences in some aspects of neural regulation were observed between EA, NEA, and non-

asthmatics. In particular, airway sensory nerve reactivity was enhanced in NEA compared 

with non-asthmatics (p<0.05). Sensory nerve reactivity was also higher in NEA compared to 

EA, but this did not reach statistical significance (p=0.07). There was no evidence of an 

imbalance in ANS activity when comparing asthmatics and non-asthmatics, or EA and NEA. 

Increased levels of nociceptin were found in asthmatics and EA compared with non-

asthmatics (P<0.05); nociceptin was positively associated with sputum eosinophils. Several 

inflammatory and remodelling mediators (including IL-1β, ECP, periostin, and VEGF-A) 

were elevated in EA but not NEA. There was no evidence of a differential response to SAMA 

between EA and NEA; however, a small subgroup of asthmatics responded better to SAMA. 

In conclusion, the studies described in this thesis suggest that sensory nerve reactivity may 

play an important role in the pathophysiology of NEA, but not EA, and may potentially 

represent a novel phenotype-specific treatable trait. Autonomic dysregulation does not appear 

to play a role in well-controlled asthma or specific asthma phenotypes. Findings suggest a 

potential involvement of nociceptin in asthma pathology, particularly in relation to airway 

eosinophilia. Finally, the identification of a small group of asthmatics who responded better 

to SAMA than SABA challenges current asthma treatment guidelines and suggest a need for 

a more personalised treatment approach. Further investigation of non-inflammatory 

mechanisms is warranted to improve understanding of other mechanisms underlying different 

asthma phenotypes, which will contribute to the identification of more specific treatable 

traits. 
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"The knowledge of anything, since all things have causes, is not acquired or complete 

unless it is known by its causes."  

-    Ibn Sina (Avicenna) 

“Doubt is the beginning of wisdom; it leads us to question, explore, and seek deeper 

understanding.” 

- Abu Rayhan al-Biruni (Al-Biruni) 
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Chapter 1 Introduction 

Asthma is one of the most common non-communicable diseases and is responsible for 

considerable morbidity and healthcare costs globally.1 Over 300 million people have asthma 

worldwide2 and it is estimated that within the next five years a further 100 million may be 

affected.3 In New Zealand, asthma affects up to 20% of the population4 with an estimated 

cost of over $1 billion per annum.5 A considerable amount of research has been conducted 

over recent decades,6,7 resulting in some advances in treatment, clinical management, and 

understanding of the pathophysiology of asthma.8 However, this has not resulted in a cure or 

primary prevention for asthma; and a large proportion of patients (30-50%) continue to have 

symptoms with standard therapy.9 One reason for the lack of progress may, at least in part, be 

due to asthma having been considered a single disease entity,9 despite an early recognition 

that it consists of different phenotypes.10,11 

Until relatively recently, asthma was considered predominantly an allergic disease12 

characterised by eosinophilic inflammation.13 However, it is increasingly considered a 

heterogeneous disease involving either separate (but partially overlapping) diseases with 

similar symptomatology or different clinical subtypes with distinct underlying 

mechanisms.14,15 Whilst various approaches have been proposed to categorise or phenotype 

asthma, two broad pathophysiological categories, variously described as allergic and non-

allergic (based largely on skin prick test (SPT) positivity or serum immunoglobulin E (IgE)),2 

TH2-high and TH2-low (based on the presence/absence of TH2-inflammation or levels of 

blood or sputum eosinophils, fractional exhaled nitric oxide (FeNO) or confirmed allergy),16 

or eosinophilic (EA) and non-eosinophilic asthma (NEA; using induced sputum)17 are 

commonly used in research and clinical studies.15,18 As greater resolution is required for 

improving the understanding of asthma pathology and optimising personalised treatment,19 
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further stratifications may be warranted. Consistent with this, four inflammatory subtypes of 

asthma have been proposed on the basis of induced sputum assessment: EA, mixed 

granulocytic asthma (MGA), neutrophilic asthma (NA) and paucigranulocytic asthma 

(PGA)(with the latter two phenotypes often combined into a NEA category).20 Studies using 

these approaches suggest that inflammation may not be a universal feature of asthma21 and 

that 50% of asthma cases, identified as NEA, occur in the absence of allergy, or 

eosinophilic/neutrophilic airway inflammation.22 

The precise characteristics and biological mechanisms underlying NEA, particularly PGA, 

are not fully understood,17 but there is some evidence that the autonomic nervous system 

(ANS) and airway nerves23 may play a role, and that airway remodelling and structural 

changes may also potentially be involved.24 However, it is unclear whether these alternative 

pathways occur in the presence or absence of airway inflammation. 

The notion that neural mechanisms play a role in asthma pathogenesis is not new;25 prior to 

the mainstream acceptance of the inflammatory paradigm,26 asthma was often considered a 

neural disorder, commonly triggered by emotional stress.27 It was hypothesised that an 

imbalance between bronchodilating and bronchoconstricting influences of the ANS or 

parasympathetic dysfunction led to increased airway hyperresponsiveness (AHR) and 

bronchospasm.28 More recent studies have also shown that sensory nerves may play a critical 

role in asthma pathophysiology.29,30 However, in general, studies examining the role of neural 

mechanisms have been relatively rare, and findings have been inconsistent. 

The relationship between airway neural regulation and inflammation is also unclear. Animal 

models suggest that proteins released by immune cells can directly affect sensory nerves 31,32 

and potentially cause bronchoconstriction by activating the parasympathetic cholinergic 

reflex.33 Conversely, release of neuropeptides by sensory nerves27 or airway parasympathetic 
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nerves34 can affect leukocyte migration and function. However, there is a relative paucity of 

clinical data, and, as result, the pathophysiologic relevance of neuro-immune crosstalk to 

asthma pathology remains inconclusive.35 It is also unclear whether asthma symptoms can 

occur as a direct result of neural dysregulation without airway inflammation, or whether these 

mechanisms are “merely” an intermediate stage between airway inflammation and symptoms. 

Moreover, whether neural dysregulation is associated with specific inflammatory phenotypes, 

or clinical features of asthma, remains unidentified. 

Asthma is often accompanied by a range of structural changes collectively known as airway 

remodelling24 which (alongside inflammation) is considered a major cause of chronic airway 

obstruction and progressive lung function loss.36 The pathogenesis of remodelling is 

incompletely understood, but for a long time it was believed to be aberrant repair process 

largely resulting from chronic inflammation.24 However, there is increasing evidence that 

remodelling can develop both in parallel with,37 and in the absence of,38,39 airway 

inflammation. Despite its clear importance, airway remodelling has received far less attention 

than inflammation in asthma, due to both the understandable focus on inflammation in many 

asthmatics, and the lack of non-invasive methods available to assess remodelling.38 

Consequently, the role of remodelling in different asthma inflammatory phenotypes, 

particularly in the absence of inflammation, remains unknown. Moreover, it is unclear 

whether remodelling processes overlap or are associated with the neural-associated 

mechanisms described above. 

Taken together, it is increasingly clear that asthma is probably not solely an inflammatory 

disorder, with the underlying causes of “non-inflammatory asthma” (PGA) remaining 

unknown. Given that conventional asthma therapies that target predominantly eosinophilic 

airway inflammation are not fully effective for many asthma patients,40 there is a clear need 

to improve understanding of underlying mechanisms as this will facilitate the development of 
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improved treatment options,41 potentially targeting phenotype-specific “treatable traits”. For 

example, if neural mechanisms and/or airway remodelling play a key role in (non-

inflammatory) asthma then specific agents targeting airway nerves (i.e. anticholinergics as 

suggested previously)42 or certain aspects of airway remodelling may provide additional 

options for asthma treatment, particularly for asthmatics for whom current treatment options 

are not fully effective. 

The research described in this thesis aimed to improve understanding of the role of neural 

mechanisms and remodelling in different asthma phenotypes. It also assessed differential 

responses to treatment in different asthma phenotypes. The work is based on an observational 

study of 130 asthmatic and 79 non-asthmatic young adults (aged 14-21 years) which 

involved: a respiratory questionnaire, induced sputum and AHR testing, lung function, FeNO, 

and SPT; additionally, in the majority of this group, blood collection, heart rate variability 

(HRV) analysis, and assessment of differential treatment response were also assessed (see 

Appendix 1 for detailed information). In a sub-population (39 asthmatics and 21 non-

asthmatics) capsaicin challenges (to assess airway sensory nerve reactivity) were conducted. 

For each results chapter, there is a specific focus on: autonomic nervous activity; airway 

sensory nerve reactivity; airway inflammatory, neural and remodelling mediators; or 

treatment response. 
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Aims 

The aims of this thesis were to assess:  

I. Differences in neural regulation, as determined by airway sensory nerve reactivity 

(using capsaicin challenge), autonomic nervous activity (using HRV analysis) and 

measurement of neurogenic mediators in induced sputum, in EA, NEA and non-

asthmatics. 

II. The association between markers of neural regulation and clinical and inflammatory 

characteristics. 

III. Differences in sputum mediators associated with inflammation and airway 

remodelling in EA, NEA, and non-asthmatics. 

IV. The association between mediators implicated in airway remodelling and 

inflammatory characteristics in EA, NEA and non-asthmatics. 

V. Differential response to anticholinergics and short acting β-agonist treatment in EA 

and NEA. 

 

The structure of this thesis is as follows: 

Chapter 1- General introduction 

This chapter provides a brief rationale for the studies described in this thesis. This is followed 

by the aims and structure. 

Chapter 2- Literature review 

This chapter provides a review of the relevant asthma literature and background for the 

research. Asthma is defined and the associated characteristics, epidemiology, and 

pathophysiology, as well as methods to assess pathophysiology, are described. The concepts 
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of asthma phenotypes is introduced and conventional as well as novel mechanisms involved 

in asthma pathogenesis are described. 

Chapter 3- Enhanced airway sensory nerve reactivity in non-eosinophilic asthma (Aims 

I, II and III) 

This chapter presents the results of capsaicin challenges conducted to assess sensory nerve 

reactivity in EA, NEA, and non-asthmatics. Associations with EA and NEA phenotypes and 

clinical characteristics of asthma are reported. 

Chapter 4- Heart rate variability as a marker of autonomic nervous system activity in 

eosinophilic and non-eosinophilic asthma (Aims I, II and III) 

This chapter describes the results of HRV assessments (conducted as a proxy indicator of 

ANS activity) in EA, NEA, and non-asthmatics. Associations with EA and NEA and clinical 

characteristics of asthma are examined. 

Chapter 5- Assessment of inflammatory, neural and remodelling mediators in sputum 

of eosinophilic and non-eosinophilic asthma (Aim I, II, III, IV, V and VI) 

This chapter describes the results of sputum inflammatory, neural, and remodelling mediator 

analyses in EA, NEA, and non-asthmatics. Correlations among mediators and inflammatory 

cells are described stratified by asthma phenotype. 

Chapter 6- Bronchodilator response in eosinophilic and non-eosinophilic asthma (Aim 

VII) 

This chapter compares bronchodilator responses in EA and NEA treated with either 

anticholinergic or short acting β-agonists and examines if any other characteristics are 

associated with treatment response. 
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Chapter 7- General discussion and conclusions 

This chapter summarises the main findings and makes comparisons with previous studies. 

The relevance of the findings, strengths and limitations of the studies, and recommendations 

for future research and conclusions are provided. 
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Chapter 2 Literature Review 

The scientific literature describing asthma is vast, complex, and rapidly changing. Therefore, 

a complete and comprehensive review is outside the scope of this thesis. Instead, the focus here 

will be to provide context for the subsequent chapters of this thesis, specifically describing: 

1. The general characteristics of asthma. These include the definition and assessment 

of asthma, epidemiology, risk factors and management. 

2. The pathophysiological processes that lead to asthma manifestations and 

heterogeneity. 

3. Methodologies for assessing underlying pathophysiology, with a particular focus on 

the specific methods used in subsequent chapters. 

4. Phenotyping asthma on the basis of pathophysiology. 
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2.1 Asthma: An overview 

2.1.1 Definitions  

The word asthma has its origins in the Greek noun Áσθµα, derived from the word aazein, 

meaning ’to pant’ or ’short of breath’. The earliest known description of asthma was provided 

by the renowned Greek clinician Aretaeus of Cappadocia in the 1st century B.C.:26 

“Heaviness of the chest; sluggishness to one's accustomed work and to every other exertion; 

difficulty of breathing in running or on a steep road; they (the patients are hoarse and troubled 

with cough; flatulence and extraordinary evacuations in the hypochondriac region; 

restlessness; heat at night small and imperceptible; nose sharp and ready for respiration.” 

More than two millennia later, some of these features are still recognisable in contemporary 

definitions. 

The World Health Organisation (WHO) defines asthma as: 

“…a long-term condition affecting children and adults. The air passages in the lungs become 

narrow due to inflammation and tightening of the muscles around the small airways. This 

causes asthma symptoms such as cough, wheeze, shortness of breath and chest tightness. 

These symptoms are intermittent and are often worse at night or during exercise. Other 

common triggers can make asthma symptoms worse. Triggers vary from person to person, 

but can include viral infections (colds), dust, smoke, fumes, changes in the weather, grass and 

tree pollen, animal fur and feathers, strong soaps and perfume.”1 

The Global Initiative for Asthma (GINA) defines asthma as: 
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“… a heterogeneous disease, usually characterized by chronic airway inflammation. It is 

defined by the history of respiratory symptoms, such as wheeze, shortness of breath, chest 

tightness and cough, that vary over time and in intensity, together with variable expiratory 

airflow limitation.”2 

Thus, current definitions generally describe four main features: symptoms (the most common 

being cough, shortness of breath, wheezing or whistling and chest tightness),2 (variable) 

airway obstruction, hyperresponsiveness, and inflammation, which together form the basis of 

the pathological, physiological, and clinical features of asthma. 

2.1.2 Epidemiology 

Whilst asthma has been recognised for at least 2000 years, its prevalence has increased 

significantly in the last 50 years.43 It is currently estimated that more than 300 million people 

worldwide have asthma,7 and one in eight adults and one in seven children are currently 

affected in New Zealand.5 If current trends continue, it is estimated that by 2025 a further 100 

million worldwide may be affected.3 Although this increase has been observed globally, there 

appears to be marked geographical variation. The highest prevalence of asthma symptoms is 

seen in English-speaking Western countries, and New Zealand has amongst the highest rates 

in the world.44,45 Between 2000 and 2003, the International Study of Asthma and Allergies in 

Childhood (ISAAC) Phase 3 Survey, a large-scale international collaboration on asthma and 

atopic disease surveying over 700,000 children, showed that high-income countries had 

higher prevalence of asthma symptoms. It also suggested that low- and middle-income 

countries generally had higher rates of severe asthma and asthma mortality.46 Asthma 

prevalence may have peaked or even began to decline in high income countries, whilst it 

continues to rise in low- and middle-income countries.45 Although the reasons for the 
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disparity in prevalence between higher- and lower- income countries are not clear, it has been 

proposed that adoption of a western lifestyle and urbanisation may play a role.47 

Patterns in incidence and prevalence also differ between children and adults. Although 

asthma often begins in childhood, symptoms can occur at any time throughout life and whilst 

asthma incidence and prevalence are higher in children, morbidity and mortality are higher in 

adults.7 Also, incidence and prevalence differ by sex throughout life.48 Pre-pubertal boys are 

more likely to have asthma and are twice as likely as girls to be hospitalised for 

exacerbation,49 but this trend reverses during adolescence.50 In adults, asthma prevalence is 

higher in women, and they also have an elevated risk of hospitalisation during and after 

puberty.51 The reasons for these differences are not entirely understood but may be related to 

smaller airway size and higher prevalence of atopic sensitisation (described in section 

2.1.3.3) observed in boys and hormonal changes in females.51 

The social and economic costs of asthma are substantial in both high and low/middle income 

countries43,52 and the overall cost to the New Zealand economy is estimated to be around 1 

billion per annum.5 The cost-burden is mostly due to the direct costs from treatment and 

hospitalisation52 but there are also significant (indirect costs) associated with lost time from 

work and school. Asthma also significantly impacts on quality of life through impairment of 

social, emotional, physical, and occupational activity.53 

2.1.3 Assessment 

There is currently no single test or established “gold standard” for the clinical diagnosis or 

identification of asthma. However, practical guidelines for clinical diagnosis and 

management, in both children and adults, are available from international respiratory 

associations, such as GINA2, the American Thoracic Society (ATS)54 or the British Thoracic 
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Society (BTS).55 The current general consensus is that clinical diagnosis should be based 

predominantly on evidence of recurrent respiratory symptoms and variable expiratory airway 

obstruction.2 

2.1.3.1 Symptoms 

The primary symptoms are dyspnea, wheeze, chest tightness and cough. These symptoms can 

occur alone or in combination and can vary over time and in intensity.2 They often occur at 

night or early in the morning and may be triggered or worsened with exercise, infection, or 

exposure to allergenic or non-allergenic (irritant) exposures.2,56 

When assessing and defining asthma in primary care settings or in large population-based 

studies where access to objective testing is limited, a common approach is to use medical 

history and symptom-based questionnaires.57 The most commonly used symptom 

questionnaire in adults is that developed for the European Community Respiratory Health 

Study (ECRHS).58 Questions primarily relate to respiratory symptoms and medication-use 

during the previous 12 months. A similar questionnaire has been developed for use in 

children for the ISAAC.59 

However, whilst useful due to their low costs and convenience,60,61 and whilst generally 

correlating with objective testing (see below), defining asthma on the basis of symptoms 

alone has some limitations. Firstly, “asthma symptoms” are not exclusive to asthma and may 

be present in other airway diseases including chronic obstructive pulmonary disease (COPD), 

dysfunctional breathing, and vocal cord dysfunction.62 For example, “wheeze” is a hallmark 

of asthma but is also reported in other airway diseases including COPD63 and cardiac disease 

(“cardiac asthma”).64 Secondly, asthma is an extremely variable condition and the variability 

in presence and severity of symptoms at the time of assessment can lead to both under and 
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over-diagnosis and affect disease prevalence estimates. For example, a review assessing 5 

studies including 21,530 participants reported 54% underdiagnosis and 34% overdiagnosis in 

primary health care units.65 Finally, there may also be potential problems with patient recall 

and individual differences in symptom perception; therefore, reliance on self-reported 

symptoms alone may potentially result in misclassification. 

2.1.3.2 Airway obstruction/airflow limitation 

Variable airway obstruction is often described as a key physiological manifestation of 

asthma.2 Airway obstruction is often assessed using spirometry, either alone, or in 

combination with tests to measure AHR to certain triggers or pre- and post-treatment with 

rapid-acting bronchodilators or inhaled corticosteroids (ICS).2 

Spirometry 

Spirometry is a simple, reproducible procedure commonly performed to assess lung function 

and involves the measurement of volume and airflow over time during exhalation following a 

full inhalation.66 The most commonly used spirometric parameters are: Forced Expiratory 

Volume in one second (FEV1; the amount of exhaled air within the first second of forced 

deep exhalation); Forced Vital Capacity (FVC; the total volume of air exhaled in a forced 

exhalation), and FEV1/FVC ratio.67 These parameters are typically expressed as absolute 

flow/volume, or as the percentage of the predicted values using data derived from average 

values in healthy individuals of similar age, gender, ethnicity, and height.67 Decreased FEV1 

(<80 % predicted) and FEV1/FVC (<70 %) are generally considered indicative of airway 

obstruction in adults.68 

Peak Expiratory Flow (PEF, or 'peak flow') is another lung function parameter that is 

commonly used, providing a measure of peak expiratory flow after a full inspiration.2 PEF 
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diurnal variation of >20% or an increase in PEF of ≥15% after bronchodilator administration 

is suggested to be  supportive of an asthma diagnosis in some guidelines.2 As noted above, 

the difference in pre- and post-bronchodilator spirometry may also be used. This allows 

identification of reversible airway obstruction often seen in asthmatics (bronchodilator 

reversibility/responsiveness: BDR).69 BDR is often defined as the increase in FEV1 of >12% 

and >200 mL from baseline after administration of a Short acting β-agonist (SABA; i.e. 200-

400 mcg salbutamol or equivalent).70 However, the validity of these cut-offs has been 

questioned in paediatric populations in particular; many children with asthma have baseline 

FEV1 within the normal reference ranges and any increase in FEV1 after bronchodilator 

administration is often limited when compared with adults.70 Instead, use of BDR cut-off 

values of 8% and 9% have been proposed in young people.71,72 

Lung function assessments are useful in asthma diagnosis, but they are often effort-dependent 

and have some degree of insensitivity, especially in individuals with stable asthma.73 In 

addition, they may not correlate directly with asthma symptoms.74,75 For example, while 

airflow obstruction is often associated with asthma, as mentioned above many asthmatics 

may present with normal lung function at assessment,56 or display a degree of irreversible 

airflow obstruction or reversibility that may not be present at the time of assessment.76 This is 

particularly true for patients who experience symptoms predominantly during viral infections 

or who have well controlled symptoms due to medication.77 One study demonstrating that 

lung function alone may not be adequate to define asthma was conducted on 333 adults with 

doctor-diagnosed asthma, of whom only 21% had airflow obstruction (defined as a ratio of 

FEV1/FVC <70%).78 When spirometry does not indicate airflow obstruction, but subjects 

have a clinical history of symptoms, bronchoprovocation challenge testing may be helpful to 

assess airway/bronchial hyperreactivity (BHR).77 



15 

 

AHR 

AHR (BHR) is present in many (but not all) asthmatics79 and is defined as an excessive 

airway narrowing (bronchoconstrictive response) to a range of stimuli, e.g. allergens, 

methacholine, cold, or smoke.80 AHR is conventionally measured using a histamine, 

methacholine, or hypertonic saline bronchial challenge and generally reported in terms of 

dose or volume of the challenging agent producing a 15-20% fall in FEV1.
2 As with airflow 

obstruction, AHR may not necessarily be present at the time of assessment and may only be 

detected with specific stimuli i.e. a positive response to one stimuli does not necessarily 

identify a response to other stimuli, and vice versa.81 AHR can also be observed in non-

asthmatics or during viral infection82,83 and may have a poor overall correlation with 

clinically diagnosed asthma.84 Moreover, AHR testing is generally only undertaken in 

specialist centres and as such is not routinely used for asthma diagnosis in primary care85 or 

in epidemiological research. 

2.1.3.3 Other objective tests used for asthma assessment 

Allergy tests 

Asthma is often associated with “atopy” and “allergy”86 (discussed in more detail in sections 

2.2.1.1 and 2.4.1.1) and the presence of atopy often increases the probability that a patient 

with respiratory symptoms has asthma.2 In a clinical or research setting, atopy is usually 

determined by means of a skin-prick test or a blood test with specific or serum IgE 

measurements.87 However, the presence of a positive skin test or increased serum IgE does 

not necessarily mean that asthma is caused by allergen exposure.86 
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FeNO 

Increased nitric oxide (NO; or FeNO) has often been associated with asthma (discussed in 

more detail in section 2.3.1.1). In a clinical or research setting, FeNO levels can be detected 

in exhaled breath.88 

2.1.4 Management 

This section will not comprehensively discuss all aspects of asthma treatment and 

management (the reader is referred to the review by Papi et al 89 for this). Instead, a brief 

overview is provided to introduce the most commonly used therapies. The concept that that 

different types of asthma (or “phenotypes”) may have differential treatment response is 

further explored in section 2.4.1.3. 

Current asthma management guidelines are based on a stepwise approach with treatment 

progressively increased (stepped-up) to achieve symptom control and minimise future 

exacerbation risk, with the option to step-down treatment after a period of prolonged 

control.90 Composite measures e.g. Asthma Control Questionnaire (ACQ),91 Asthma Control 

Test,92 and National Asthma Education and Prevention Program (NAEPP) classifications93 

have been developed and validated91,93,94 to assess change in control for this purpose.2 Initial 

treatment generally depends on symptom severity, lung function, and modifiable risk factors, 

whereas ongoing treatment decisions are based on an individualised cycle of assessment, 

treatment adjustment, and review of the response.2 

Conventional pharmacological treatments predominantly target either airway smooth muscle 

(ASM) tone or inflammation,95 and are generally divided into reliever and maintenance (also 

known as controller and preventer) or add-on therapy. Reliever/controller medications 
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mediate the rapid relief of acute asthma symptoms, whereas maintenance/preventer 

medications generally need to be taken regularly on a long-term basis to be effective.89 

2.1.4.1 Reliever medication 

β2-agonists are one of the oldest classes of medicines used in this setting. Their main airway 

action is through engagement of G-protein-coupled β-receptors at the surface of smooth-

muscle cells to induce muscle relaxation and subsequent bronchodilatation.96 β2-agonists are 

subdivided into SABA and long-acting β2 agonists (LABA), depending on their onset and 

duration of action. SABA generally have an onset of action of under 5 minutes and are 

effective for 3-4 hours, LABA, may exhibit comparable onset of action to SABAs but remain 

active for 12-24 hours.2 

Other reliever bronchodilators less commonly used include short and long-acting muscarinic 

antagonists (SAMA/LAMA).97 SAMAs, like SABAs, are used in the acute management of 

symptoms, whereas LAMA, like LABA, are considered as an option for maintenance 

therapy.42 

2.1.4.2 Controller medication  

ICS are the cornerstone of maintenance therapy and are mainly used to suppress airway 

inflammation by inhibiting the release of airway pro-inflammatory cytokines and, recruitment 

of immune cells, and inducing anti-inflammatory gene expression.98 Their main action in the 

airways is through binding to cytosolic glucocorticoid receptors that are present on nearly all 

cell types.99 Both initiation and daily treatment with ICS have been shown to decrease 

eosinophil numbers in the airways,98,100,101 attenuate AHR,102 improve lung function and 

asthma control, and reduce exacerbation frequency.103 
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2.1.4.3 Add-on treatments 

When symptoms remain uncontrolled with low-to-moderate doses of ICS, the recommended 

step-up option in the GINA management guidelines is the addition of other agents e.g. LABA 

or LAMA.104,105 This can result in improved lung function, symptom control, and reduced 

need for reliever therapy compared with patients receiving higher ICS dose.106,107 Recently, 

add-on maintenance medication in the form of targeted biological therapies has been 

introduced for groups with severe eosinophilic inflammation (discussed in more detail in 

2.4.1.3). In particular, monoclonal antibodies targeting IgE, interleukin (IL)-4, IL-5, and IL-

13 have been shown to improve asthma symptom control and reduce exacerbation in some 

groups.108-110 
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2.1.5 Aetiology 

As with management, for the purposes of this thesis it is not feasible to comprehensively 

discuss all risk and protective factors, but the reader is directed to reviews by Stern et al111 

and Beasley et al,112 for further information. Briefly, there is no single cause of asthma, and 

several factors may contribute.112 Asthma aetiology depends on the interplay between 

endogenous/ host factors113 and exogenous/ environmental factors.111 Identified risk factors 

include atopy and allergy,114,115 (discussed in section 2.2.1.1) family history,116,117 certain 

childhood respiratory infections,118,119 psychological/ emotional stress,120,121 gender,111 

paracetamol or antibiotic use,122,123 vitamin D deficiency,124,125 indoor and outdoor 

pollution,126-128 occupational exposures,129,130 some bacterial exposures,131,132 obesity,126,133 

diet,134,135 and several other exposures (e.g. pesticides, gases, mould).136 Given the wide range 

of risk factors and environmental exposures identified, it is likely that, within a given 

population, the underlying mechanisms causing asthma symptoms are different, and different 

exposures/risk factors may contribute to different subtypes of asthma. 

  



20 

 

2.1.6 Heterogeneity 

As described in Chapter 1, asthma has been recognised as heterogenous in nature for 

decades.9 To date, various clinical and statistical approaches have been utilised in both 

clinical and research settings to classify this heterogeneity, dividing asthma into different 

subgroups with similar characteristics (Table 2.1).9,19 For example, in the early twentieth 

century, one approach was to classify asthma on the basis of atopy status, distinguishing 

allergic (extrinsic) asthma (associated with sensitisation to allergens and other allergic 

diseases) and non-allergic (intrinsic) asthma (described in section 2.4.1.1). Other approaches 

include stratification on the basis of characteristics such as severity,2 control status,2 age of 

onset,137 treatment response,138 or trigger.15 However, these approaches are largely 

descriptive, overlapping, and rely on a single aspect or dimension of the disease, limiting 

their usefulness. 

A recently developed approach to asthma classification has been the use of statistical 

methods to integrate large amounts of data into a single analysis and combine multiple 

characteristics to identify subgroups of asthma patients.139 Approaches include cluster and 

latent class analysis,140,141 principal component analysis,142 and exploratory factor analysis.143 

However, such methods are still in the relatively early stages of development and have some 

limitations, including the effect of subjective selection of different variable sets used and 

inconsistencies across different population demographics.144 Moreover, they often fail to 

provide pathophysiological insights, in large part due to the relative lack of 

pathophysiological data included in studies using these approaches; for example, 

inflammatory and biomarker data reflecting underlying disease processes are often not 

included.145,146 The need to characterise asthma on a pathophysiological rather than only a 

clinical basis has long been recognised37 and is primarily driven by the need for improved 
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(and personalised) treatment options.9 Whilst multiple types (or phenotypes) of asthma have 

been described, based on both clinical features and pathophysiological characteristics, for the 

purposes of this thesis “phenotype” is used to identify subtypes of asthma in terms of 

underlying pathology/pathophysiology (the term “endotype” is also used by many 

researchers).147,148 Two broad (and often overlapping) divisions of asthma on the basis of 

pathophysiology are commonly used in research and clinical studies: allergic, or TH2-high or 

EA, and non-allergic, TH2-low or NEA.148 Before further discussing these pathophysiological 

phenotypes of asthma in more detail (in section 2.4), some background about the various 

underlying pathophysiological processes involved and the methods by which they are 

assessed will be provided. 

Table 2.1. Approaches to classification  

Clinical phenotypes • Severity (Intermittent, mild 

persistent, moderate persistent, 

severe persistent) 

• Control (well controlled, partly 

controlled, uncontrolled) 

• Treatment response  

• Bronchodilator reversibility  

• AHR 

• Intrinsic, extrinsic 

• Atopic, non-atopic  

• Unsupervised clusters (using 

statistical clustering approaches) 

Trigger-related phenotypes • Aspirin exacerbated respiratory 

disease 

• Exercise/cold air-induced 

• Environmental/occupational allergen 

• Emotional stress 

Demographic phenotypes • Age of onset 

• Obesity  

• Sex 

Pathophysiological phenotypes • Inflammatory phenotypes 

(eosinophilic, neutrophilic, mixed 

granulocytic, paucigranulocytic) 

• TH2-high or TH2-low 
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2.2 Pathophysiology 

The pathophysiology of asthma is complex and involves a diverse range of underlying 

mechanisms and pathways. The reader is directed to recent reviews8,34,149 for a 

comprehensive overview. For the purpose of this thesis, this section focuses on the 

underlying mechanisms, cells, and mediators involved in allergic/TH2-mediated inflammation 

and non-TH2-mediated inflammation, as well as alternative pathways such as airway 

remodelling and neural mechanisms, with the latter in particular being discussed in greater 

detail (as this is the focus of subsequent chapters). 

2.2.1 Inflammation 

2.2.1.1 TH2 inflammation 

Allergy and Atopy 

The terms ‘atopy’ and ‘allergy’ are often used interchangeably; however, they refer to two 

different, but related, concepts. Atopy is defined as a tendency to become sensitised and 

produce allergen-specific IgE against common environmental allergens such as house dust 

mite (HDM), animal proteins pollens, or fungi.115 It involves an exaggerated IgE-mediated 

immune response, known as type I immediate hypersensitivity (i.e. allergic) reaction after 

allergen exposure.150 Allergy is an exaggerated immune response to an allergen resulting in 

symptoms (unlike atopy, which does not necessarily lead to symptoms), regardless of the 

specific underlying mechanism. As described in section 2.1.3.3, atopy and allergy are 

associated with asthma in both children and adults.115,151,152 However, atopy and allergy are 

not always present in asthmatics86 and the proportion of asthma attributable to atopy is 

approximately 50%.153 In allergic (IgE-mediated) asthma, after sensitisation has occurred 
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and, upon re-encountering allergens, symptoms are associated with two phases: the early and 

late effector phase.154 

Although it is still unclear what initiates sensitisation upon initial exposure to an allergen,155 

sensitisation involves active allergen uptake by antigen-presenting cells (APCs).156 Allergen 

then undergoes proteolytic processing and epitopes are loaded onto major histocompatibility 

complex (MHC) class II molecules. After APC migration to regional lymph nodes, this is 

presented at the cell surface157 to naive T lymphocytes, resulting in the selective expansion 

and activation of allergen-specific TH2 cells.158 These allergen-specific TH2 cells then secrete 

TH2 cytokines, e.g. IL-4, IL-5, IL-9, IL-13, and granulocyte-macrophage colony-stimulating 

factor (GM-CSF). Under the influence of some of these cytokines, B cells then undergo 

immunoglobulin class switching from IgG to IgE-producing cells and differentiate into 

plasma cells.159 Once IgE antibodies specific to an allergen have been produced, an 

individual is deemed “sensitised” to that allergen.155 

When an individual is subsequently re-exposed, allergen-specific IgE binds to allergen, and 

mast cells (often located in tissues with close contact with the external environment, such as 

skin and airways)155 are activated upon cross-linking of FcεRI-bound IgE on their surface.160 

This results in the release of numerous mediators (e.g. histamine, cysteinyl leukotrienes, 

prostaglandins, and a range of cytokines and enzymes described in Table 2.3). In the airways, 

this initiates a plethora of physiological changes such as ASM constriction, vascular leakage, 

and mucus hypersecretion.161 Many affected individuals experience the associated “early-

phase” allergy symptoms (such as wheezing, cough or breathlessness) within an hour of 

allergen exposure. 

The subsequent late allergic reaction phase generally develops 2-9 hours after allergen 

exposure.162 In allergic asthma, this phase is characterised by recruitment, activation, and 
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migration of numerous inflammatory cells, particularly neutrophils and eosinophils into the 

lamina propria, epithelium, and the airway lumen.155 These cells then augment and prolong 

the inflammatory response through the release of various mediators including lymphokines, 

immunomodulatory and proinflammatory cytokines, chemokines, growth factors, and 

eicosanoid lipid mediators.155,163 Once established, a repetitive cycle of inflammation can 

become chronic even in the absence of sustained allergen exposure,164 and both acute and 

chronic inflammatory responses are accompanied by airway structural changes, obstruction, 

and AHR.165,166 Figure 2.1 provides an overview of the allergic immune response. 

 

Figure 2.1. Airway allergic immune response. 

 

Although numerous cell types from both innate and adaptive immune systems (and their 

mediators) are implicated in the inflammatory processes described above (and seen in Figure 

2.1), eosinophils are the most characteristic effector cells associated with allergic asthma 

pathology (see below). An overview of other inflammatory cells and mediators involved in 

asthma are discussed in the next section and summarised in Tables 2.2 and 2.3, respectively. 
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Eosinophils 

Eosinophils are granulocytic leukocytes often associated with parasitic infections as well as 

IgE-mediated allergy and asthma.167 Eosinophil development and maturation occurs in the 

bone marrow upon exposure of myeloid precursors to IL-3, IL-5, and GM-CSF.168 After 

leaving the bone marrow, they are recruited into the airways and sites of inflammation by 

chemokines such as eotaxin and RANTES (regulated on activation, normal T cell-expressed 

and secreted protein) as well as members of the macrophage inflammatory protein (MIP) and 

monocyte chemoattractant protein (MCP) families.169 Once in the airways, activated 

eosinophils can degranulate and release numerous mediators, including major basic protein 

(MBP), eosinophil cationic protein (ECP), reactive oxygen species (ROS), GM-CSF, and 

lipid mediators.170 These induce epithelial damage, AHR, and airflow limitation (through 

bronchoconstriction, mucosal edema, and mucus hypersecretion,171 leading to asthma 

symptoms.172,173 Eosinophils also produce a vast array of cytokines, chemokines and growth 

factors, including TH2 cytokines (e.g. IL-4, IL-5, IL-9, IL-13, and IL-25), TH1 cytokines (IL-

12 and interferon (IFN)-γ), proinflammatory cytokines (tumour necrosis factor (TNF)-α, IL-

1, IL-6, and IL-8), and immunomodulatory cytokines (e.g. transforming growth factor (TGF)-

β and IL-10).174 The immunomodulatory cytokines maintain and prolong inflammatory 

responses and induce ASM cell proliferation through a direct cell-contact mediated release of 

cysteinyl leukotrienes.166 

Increasing evidence suggests that TH2-mediated eosinophilic inflammation may also be 

triggered by allergens through non-allergic pathways.175 A number of allergens, including 

HDM and moulds, are able to stimulate the airway epithelium through toll-like receptors 

(TLRs) and other damage-associated molecular pattern (DAMP) receptors.176 This leads to 

release of IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) in the absence of specific 
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IgE antibodies.177 These cytokines can lead to the activation of submucosal type two innate 

lymphoid cells (ILC2) resulting in the release of TH2 cytokines IL-4, IL-5, IL-9, and IL-13.164 
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Table 2.2. Inflammatory cells and their role in asthma 

Name Mode of action Role 

Neutrophils • First responder against 

pathogens 

• Phagocytosis 

• Degranulation 

• Release of mediators 

 

• May play a role in lack of response to 

corticosteroid treatment178 

• Release ROS, myeloperoxidase 

(MPO) and neutrophil elastase (NE)179 

• Associated with more severe airflow 

obstruction, lower lung function and 

thicker airway wall180 

Monocytes/ 

Macrophages 
• Phagocytosis 

• Antigen presentation to T 

cells 

• Release ROS, TNF-α, IL-1, IL-6, IL-

8, and IL-12181 

Mast cells • Key mediators of type I 

hypersensitivity 

• Degranulation 

• Release of mediators 

•  Bronchoconstriction, vasodilation, 

mucus secretion upon degranulation181  

•  Chemotaxis of inflammatory cells 

and development of AHR as well as 

release of TNF-α, TGF-β, IL-4, IL-5, 

and IL-13181 

Basophils • Degranulation 

• Release of mediators 

• IgE mediated allergic 

reaction 

•  Role in asthma is the least well 

defined of all inflammatory cells182  

• Implicated in severe inflammation, 

bronchoconstriction and worsening of 

asthma symptoms183 

• Release histamine, IL-4, IL-5, and IL-

13184 

 

Dendritic cells • Antigen presentation to T 

cells 

• Allergic sensitisation 

•  Initiate and perpetuate T cell response 

in asthma184 

•  Increase or decrease inflammation 

depending on subset184 

•  Increased numbers found in blood 

and sputum of asthma patients after 

allergen challenge184 

B lymphocytes • Antibody production •  Allergic reaction185 

• Development of AHR and smooth 

muscle contraction8 

T lymphocytes 

(CD4+ cells) 
• Orchestrate immune 

response against pathogens 

• Allergic reaction, eosinophilia, 

development of AHR and mucus 

secretion181 

• Increase or decrease inflammation 

depending on subset (e.g. TH1 and 

TH2 cells mediate inflammation, T-

regulatory cells suppress persistent 

inflammation and TH17 cells induce 

neutrophilia and steroid 

insensitivity)181 
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Table 2.3. Inflammatory mediators 

Cytokine Source Airway levels 

in asthma 

Mode of action 

Lymphocytes and T-cell regulatory cytokine 

IL-4 
TH2 cells, mast cells, 

eosinophils 
↑ 

↑ IgE production and number of 

TH2 cells163 

IL-5 
TH2 cells, mast cells, 

eosinophils 
↑ ↑ number of eosinophils163 

IL-9 
TH2, mast cells, eosinophils, 

neutrophils 
↑ ↑ number of mast cells163 

IL-12 
Macrophages, T and B cells, 

dendritic cells 
↓ ↑ number of TH1 cells186 

IL-13 

Epithelial cells, fibroblasts, 

eosinophils, TH cells, ASM 

cells 

↑ 
↑ IgE production and induce 

remodelling163 

IL-17 
TH17 cells 

↑ 
↑ number of neutrophils 

(indirectly)186 

IL-18 Macrophages ↓ ↑ IFN-y release187 

IL-25 TH2 cells, mast cells ↑ ↑ number of TH2 cells188 

IFN-γ 
TH1 cells, NK cells 

↓  
↓ number of TH2 cells, IgE 

production187 

Proinflammatory cytokines 

IL-1β 
Macrophages, epithelium, 

neutrophils 
↑ 

↑ number of eosinophils, mast cells 

and dendritic cells163 

IL-6 

Macrophages, T and B cells, 

eosinophils, epithelial cells, 

mast cells 

↑ ↑ number of TH2 cells189 

TNF-α Macrophages, epithelial cells ↑ ↑ number of TH2 cells, AHR190 

TSLP, IL-25, IL-33 
Epithelial cells, stromal cells, 

mast cells, basophils 
↑ ↑ number of TH2 cells191 

Chemokines 

MCP family 

Macrophages, dendritic cells, 

T lymphocytes, epithelial 

cells  

↑ 
↑ number of monocytes, 

chemoattracting 163 

Eotaxin 

Smooth muscle cells, 

macrophages, eosinophils, T 

cells 

↑ 
↑ migration of eosinophils, 

lymphocytes, basophils163 

IL-8 

Eosinophils, neutrophils, 

macrophages, T lymphocytes 
↑ 

↑ number of TH1 cells, 

chemoattractant of neutrophils, 

downregulation of IgE 

production192 

RANTES 
CD8+ T cells, epithelial cells, 

fibroblasts 
↑ ↑ number of TH2 cells163 

Anti-inflammatory cytokines 

IL-10 
T cells, mast cells, 

macrophages 
↑ ↓ number of TH2 cells193 
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2.2.1.2 Non-TH2 inflammation 

Although “classical” TH2-mediated inflammation is important in many asthmatics, a subset 

of asthma cases have an underlying pathology that is clearly different.13 This has led to an 

increased interest in non-TH2 inflammatory pathways.194 Although, non-TH2 inflammatory 

pathways are less well characterised, accumulating evidence often suggests involvement of 

innate immunity and associated neutrophil dominant inflammation.17 The neutrophilic asthma 

phenotype associated with this pattern of inflammation will be discussed in greater detail in 

section 2.4.1.3. 

A thorough review of innate immunity is beyond the scope of this review (the reader is 

referred to Marshall et al,195 for more information). Briefly, innate immunity acts as the first 

line of defence against pathogens and is particularly important in the lungs since it facilitates 

the elimination of pathogens prior to the onset of adaptive immune response.196 Innate 

immune responses are triggered by the detection of pathogens or irritants (e.g. bacterial 

endotoxins, particulate air pollution, ozone, viruses)- or pathogen-associated molecular 

pattern (PAMP)/DAMPs by a limited number of receptors deemed pathogen recognition 

receptors (PRRs), such as TLRs.194 The TLRs are a highly conserved family of homologous 

signalling receptors expressed on the surface of most cells, including inflammatory, 

epithelial, and ASM cells.193 Upon PAMP/DAMP recognition, PRRs present at the cell 

surface or intracellularly - signal to trigger proinflammatory and antimicrobial responses.197 

TLR activation can induce a shift towards activation of TH1 and TH17 responses, leading to 

generation of a wide range of mediators including IL-2, IL-12, IFN-γ, TNF-α, IL-1β and IL-

8. 

The neutrophil is a primary cell type involved in the innate immune response. Neutrophils are 

short-lived leukocytes198 that act as first responders against bacterial or fungal infections199 
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and/or irritant exposures.200 They can sometimes be found in large numbers in the airways 

and play a key role in phagocytosis and some subtypes of asthma.201 Neutrophils produce and 

release a wide range of mediators that are implicated in asthma pathogenesis. For example, 

mediators such as ROS, MPO, NE, cathepsin G202 and neutrophil derived enzymes such as 

matrix metalloproteases (MMPs),203 which are critical for microbial killing and tissue repair, 

are also associated with airway inflammation, remodelling and AHR in asthma.204 Some 

neutrophil products such as IL-1β and IL-8 also act as neutrophil chemoattractant, and 

neutrophil activation can lead to further neutrophil influx and subsequent prolonged 

inflammation.192 In the lungs, respiratory exposure to various microbial components such as 

endotoxins can lead to asthma-like symptoms and trigger neutrophilic inflammation.194 

Indeed, severe asthmatics with increased airways neutrophil counts show increased levels of 

cytokines responsible for TH1 (IFN-γ, IL-12, TNF-α)205 and TH17 differentiation and 

expression.206 Initiation of TH1 and TH17 responses may also suppress TH2 responses 

(described in section 2.2.1.1).207 
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2.2.2 Airway remodelling 

Alongside airway inflammation, airway remodelling is often observed in asthma pathology.36 

It is characterised by structural alterations such as epithelial shedding, sub-basement 

membrane thickening, sub-epithelial fibrosis, ASM hypertrophy and hyperplasia, blood 

vessel proliferation and dilation, and mucous gland hyperplasia and hyper-secretion.208 Some 

of these changes have been associated with a progressive loss of lung function,209 increased 

airflow obstruction, and AHR in asthma210 that is not prevented by or fully reversible by 

current therapy.211 

The underlying mechanisms driving airway remodelling are largely unclear and likely to 

involve a complex interaction between biochemical mediators, cellular processes, and genetic 

and environmental factors.212 It is also widely believed that remodelling is associated with 

chronic inflammation213 and numerous mediators released during the inflammatory process 

such as cytokines, growth factors, and endothelins have been implicated in different aspects 

of airway remodelling.36 For example, cytokines associated with both TH2-high and TH2-low 

inflammation such as IL-1β and IL-6 have the capability to enhance smooth muscle 

proliferation,214 and IL-13,215 TGF-β,216 and nerve growth factor (NGF)-β217 have also been 

shown to induce fibrosis. Similarly, a number of other mediators, including epidermal growth 

factor,218 fibroblast growth factor, vascular endothelial growth factors (VEGF),219 NE,220 

endothelin,221 and tissue inhibitor of metalloproteinases-1 (TIMP-1)222 are associated with 

increased vascularity, dysregulated extracellular matrix (ECM) deposition, and smooth 

muscle cell proliferation.219 An overview of the cells and mediators involved in remodelling 

is shown in Figure 2.2. 

Despite this, the relationship between inflammation and remodelling is not fully understood. 

Studies in childhood asthma have shown that airway remodelling can be observed from a 
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very early age,223 suggesting that remodelling may occur in parallel with, rather than as a 

consequence of inflammation. Furthermore, there is accumulating evidence that airway 

remodelling can occur in the absence of inflammation39,224 and may even occur as a result of 

repeated bronchoconstriction.225 For example, Grainge et al demonstrated that 

bronchoconstriction (induced by either allergen or methacholine) led to TGF-β activation of 

and downstream remodelling changes.38 

It is also possible that some aspects of the remodelling process are dependent on airway 

inflammation while others are not. For example, a recent study of 80 asthmatics found that 

specific features of remodelling such as inner and outer airway wall thickening may be 

associated with airway inflammation, whereas thickening of the ASM layer and basement 

membrane may occur in the absence of inflammation.226 Taken together, this implies that 

airway inflammation, mechanical forces, and/or as yet unidentified stimuli can all induce 

airway remodelling, and that specific aspects of remodelling may be distinguished by the 

roles those stimuli play. 
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Figure 2.2. Airway remodelling processes. 
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2.2.3 Neural involvement 

Over recent decades, a limited (but growing) body of evidence has accumulated suggesting 

that various components of the ANS may be involved in the development and pathology of 

asthma.227 This is feasible as the ANS and airway innervation play a major contribution in 

regulating ASM tone and calibre.228 

2.2.3.1 Airway innervation 

Human airways are innervated by a network of autonomic nerves that are divided into motor 

(efferent) and sensory (afferent) neurons.229 Airway nerves regulate many aspects of airway 

function including breathing patterns, airway muscle tone, cough reflex, and pain 

transmission.28 These are all dependent on nerve activation/ transmission to the central 

nervous system, and result in sensory perception, motor function, or both.230 

Efferent innervation 

The airway efferent nerves are divided into the: (i) parasympathetic cholinergic; (ii) 

sympathetic adrenergic; and (iii) non-adrenergic-non-cholinergic nervous system (NANC) 

nerves.231 These function through different pathways and act as complementary but 

oppositional systems.232 Selectively stimulating these various pathways can either constrict or 

dilate229 (e.g. either due to an increase in cholinergic activity or a decrease in nitrergic 

activity).34 

i) Parasympathetic cholinergic nerves: These make up most innervation in human 

airways, and project to the airways via the vagus nerve.233 The parasympathetic 

nervous system (PNS) primarily transmits via acetylcholine (ACh) which acts on 

two types of receptors, the muscarinic and nicotinic cholinergic receptors,234 
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expressed on smooth muscle cells,230 submucosal glands, fibroblasts, epithelial 

cells, and inflammatory cells.235 The PNS can induce either bronchoconstriction or 

bronchodilatation when activated or inhibited, respectively, and also regulates 

stimulation of respiratory mucus glands.236 

ii) Sympathetic adrenergic nerves: These use the catecholamines epinephrine and 

norepinephrine as their neurotransmitter.237 In humans, sympathetic innervation of 

ASM is sparse or non-existent and plays little role in regulating airway calibre.229 

However, β-adrenergic receptors are abundantly expressed on ASM and their 

activation, by circulating epinephrine released from sympathetic nerves, may 

result in bronchodilation.34 

iii) NANC nerves: These oppose cholinergic activity and are the main neural 

bronchodilator pathways in human airways.229 The major neurotransmitters for 

NANC nerves are vasoactive intestinal peptide (VIP) and NO.238 Apart from 

acting on ASM, they may be involved in mucus secretion and vascular dilation.239 

NANC nerves are anatomically different to parasympathetic nerves.240 

Afferent innervation 

Afferent airway innervation occurs predominately via the vagus nerve.34 Sensory nerves 

terminate at all levels of airways (including the bronchi) below and within the airway 

epithelium, smooth muscle, glands, and autonomic ganglia, and play a key role in regulating 

breathing patterns and inducing cough reflex.241 Sensory nerve fibres can be classified based 

on their primary function and associated receptors. These include the unmyelinated C fibres 

and stretch-sensitive myelinated A fibres.242 

i) C-fibres: Approximately two thirds of sensory afferents are non-myelinated C-

fibre neurons with sensory terminals located between or underneath airway 
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epithelial cells.243 They are sensitive to chemical stimuli, such as inflammatory 

mediators (e.g. histamine, bradykinin, and prostaglandins)244 or inhaled 

environmental irritants (e.g. allergens, tobacco smoke, hot air, citric acid, or 

capsaicin)241 and are activated by G-protein coupled receptors245 and Transient 

Receptor Potential (TRP) channels.246 

ii) A-fibres: These are classified as mechanoreceptors and conduct action potentials 

at a relatively high speed.241 They are classified into three groups; thinly 

myelinated Aδ-fibres, which are predominantly nociceptive; or myelinated Aβ-

fibres, which are cutaneous mechanoreceptors that can be slowly (SAR) or rapidly 

adapting receptors (RARs).34 Both SARs and RARs are important for as they are 

involved in detecting changes in lung, volume (i.e. lung inflation and tidal 

volume), airway calibre, bronchoconstriction and airway oedema.247 In particular, 

SARs are localised to smooth muscle and are activated by changes in the airway 

wall tone as well as neurotransmitters and mediators such as ACh and histamine, 

respectively,247 resulting in cough and altered regulation of ASM tone.27 

Upon activation of these sensory afferents, responses are mediated by central reflex pathways 

and/or local or axon reflexes.241 The former involves transmission of action potentials to the 

brainstem, influencing the activity of autonomic or somatic efferent nerves.248 This leads to 

subsequent release of ACh and activation of muscarinic receptors on the ASM cells (as 

discussed above), and triggers cough reflex or bronchoconstriction.249 Axon reflexes are 

elicited by a stimulus that excites sensory neurons but does not require central input and 

involves peripheral axon terminals release of neuropeptides (see below).250 This can produce 

potent local effects such as bronchoconstriction, extravasation, and inflammation.251 
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2.2.3.2 Efferent innervation in asthma 

Efferent nerves may undergo changes in asthma that result in increased neural 

bronchoconstriction.23 These changes are exhibited as: i) enhanced parasympathetic response; 

ii) diminished adrenergic and NANC responses; or iii) enhanced reflex 

bronchoconstriction.228. 

Evidence for enhanced parasympathetic response in “asthma” comes largely from 

experimental animal models of allergic airway disease. This includes the increased release of 

ACh in allergen-exposed IgE-immune mice,252 increased bronchodilation in antigen-

challenged guinea pigs upon vagotomy,253 and inhibition of AHR with anticholinergic agents 

in antigen-challenged mice.254 In humans, anticholinergic drugs such as atropine and 

ipratropium bromide (IB) diminish both bronchoconstriction and AHR in asthmatics through 

their antagonistic effect on muscarinic receptors,255,256 indicating the possibility of enhanced 

parasympathetic response in asthma. However, directly assessing an enhanced 

parasympathetic response in asthma in humans is challenging due to the lack of non-invasive 

methods to measure ANS activity. To overcome this limitation, a number of studies have 

used proxy indicators such as analysis of heart rate variability (HRV; discussed in greater 

detail in section 2.3.3), or autonomic control tests to measure PNS activity in adults257-259 and 

in children260,261 with asthma. Some of these studies report increased parasympathetic 

activity, although findings have been inconsistent. 

The decrease in bronchodilation induced by NANC and SNS adrenergic nerves, which can 

result in exaggeration of parasympathetic bronchoconstriction262 could potentially be due to 

intrinsic defects in NANC nerves, altered expression of NANC receptors, or increased 

breakdown of the NANC neurotransmitters.263 For example, oxygen free radicals from 

inflammatory cells break down NO247 and enzymatic degradation of VIP by mast cells may 



38 

 

be enhanced in severe asthma.264 The decrease in SNS activity may be due to reduced 

epinephrine release in asthmatics. In particular, studies have found that epinephrine secretion 

is reduced during acute asthma attacks in adults265 and during exercise in asthmatic 

children.266 

Finally, there may be increased cholinergic reflex bronchoconstriction due to increased 

sensitivity of sensory receptors in the airways241 (discussed below). 

Efferent innervation-inflammation crosstalk 

Although it is often assumed that inflammation is the main cause of AHR in asthma.267 

increased parasympathetic activity may induce AHR in the absence of inflammation.268 In 

support of this, it has been shown that asthmatics exposed to stressful situations exhibit 

increased vagal activity and show a greater degree of AHR in response to methacholine,269-271 

that are not associated with inflammatory markers such as FeNO.270 It is also possible that 

inflammation and/or efferent nerve-mediated mechanisms may interact. For example, 

muscarinic signalling results in recruitment and migration of inflammatory cells and release 

of proinflammatory cytokines and chemokines, helping establish and prolong the immune 

response.272 Alternatively, epithelial and inflammatory cells in the airways release ACh that 

may interact with muscarinic receptors that are expressed on fibroblasts, epithelial cells, and 

inflammatory cells as well as ASM cells.273 This suggests non-neuronal ACh may mimic the 

classical cholinergic-driven bronchoconstriction effect described above.235 However, the 

functional relevance of non‐neuronal ACh in the asthmatic airways is yet to be established. 
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2.2.3.3 Afferent innervation in asthma 

While sensory nerve activation serves as a protective mechanism, under certain pathological 

states, sensory nerves can develop hypersensitivity and exaggerated reflex responses that 

become deleterious to normal airway function,274 and alterations in the activation, structure, 

or function of these nerves may contribute towards AHR, inflammation, and airway 

remodelling.241 

Increasing evidence suggests that sensory nerves may be involved in asthma.275 Epithelial 

damage resulting from chronic inflammation may expose afferent sensory nerve endings in 

the subepithelial layer to the airway lumen,276 leading to increased stimulation. Furthermore, 

allergic inflammation and associated mediators can stimulate sensory nerve fibres directly,241 

which at least in in some animal models induces acute hypersensitivity of C fibres to several 

stimuli, including capsaicin.277 As with efferent nerves, afferent nerve activity cannot 

currently be measured directly in humans. However, clinical evidence from studies using 

tussive agents for cough challenge testing (discussed in greater detail in section 2.3.3)278 

suggests that some asthmatics have increased sensory nerve sensitisation.279 

Sensory nerve sensitisation in asthma may occur as described below: 

i) Increased or altered expression of cough receptors: 

Increased TRP vanilloid 1 (V1) expression,280 density,241 and TRPV1 activation281 

have been reported in severe asthmatics and a role for TRP channel activation has 

been suggested in a rodent model of allergic asthma.282 

ii) Neurogenic inflammation through an axonal reflex: 

Activation and sensitisation of the sensory C-fibres may lead to release of 

neuropeptides such as neurokinin A (NKA), substance P (SP), VIP, and calcitonin 

gene related peptide (CGRP).283 These agents are able to modify nerve function, 
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stimulate production of neuronal growth factors, and interact with immune cells 

and pathways.275 

Neurogenic inflammation through axon reflex has been demonstrated in 

rodents,284 but to date there is little clinical evidence. However, some studies have 

shown that airway neuropeptide levels increase upon exposure to allergens and 

during asthma exacerbation.285,286 SP concentrations in induced sputum have also 

been shown to inversely correlate with airflow obstruction,287 although findings 

have not been consistent.288 VIP concentration levels have been reported to be 

significantly lower during asthma exacerbations289 and a complete absence of 

VIP-immunoreactive nerves has been reported in post-mortem preparations of 

asthmatic lungs,289 suggesting reduced bronchodilatory function. 

iii) Sensory afferents influencing motor efferent activity: 

Increased stimulation of sensory nerves by a variety of stimuli, such as inhaled 

methacholine,290 histamine,241 cold air,291 allergens,292 and exercise,293 can 

potentiate the release of ACh from parasympathetic nerves to activate muscarinic 

receptors on ASM and trigger contraction and airway narrowing.233 

Afferent-inflammation crosstalk 

The relative rapidity of sensory nerve activation, and the non-immunological nature of some 

exposures (such as cold/ hot air or pH changes) suggest that in some cases pathways 

involving sensory nerves may be important in asthma even without any demonstrable airway 

inflammation,14 but this has yet to be confirmed. 

In addition, although neuropeptides have often been assumed to be of neural origin because 

of the abundance in the number of SP and NKA nerve fibres in asthmatic airways,263 many of 

these “neuropeptides” can also be produced by inflammatory cells,294-296 and play a role in 
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inflammatory processes.297 Therefore, despite the (limited) evidence of involvement of 

neurogenic/neuropeptide-mediated mechanisms in asthma, it still remains unclear whether 

these mechanisms occur prior to or alongside airway inflammation or can exert their role in 

the absence of inflammation.298 
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2.3 Assessment of pathophysiology 

To date, conventional methods assessing airway pathophysiology in asthma have been largely 

confined to assessment of airway inflammation, which, unsurprisingly, provide little insight 

into non-inflammatory mechanisms. In the last few decades, several methods have become 

available for the non-invasive assessment of alternative mechanisms, which will hopefully 

facilitate an improved understanding of their role in asthma pathophysiology. This section 

will review approaches for assessing airway inflammation, neural pathways, and airway 

remodelling in asthma, with a particular focus on methods employed in the subsequent 

chapters of this thesis. 

2.3.1 Inflammation 

There are a number of methods available to assess inflammation and airway pathology, both 

invasive (e.g. bronchoscopy; collecting bronchial washings, biopsy, and/or bronchoalveolar 

lavage (BAL))299 and non-invasive (e.g. induced sputum, exhaled breath condensate, FeNO 

measurement).300 The advantages and disadvantages of the different methods are summarised 

in Table 2.4. As FeNO measurement and induced sputum have been used throughout the 

studies described in this thesis, only they are described in detail. 

2.3.1.1 FeNO 

Increased levels of nitric oxide in exhaled breath of asthma patients were first reported in the 

early 1990s301 and has since been found consistently through dozens of studies in different 

settings.22,302-304 Nitric oxide is produced endogenously from the amino acid L-arginine by 

nitric oxide synthase,305 which occurs as either constitutive or inducible (iNOS) isoforms in 
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epithelial cells and various inflammatory cells in the airways.88 The iNOS form is typically 

produced in response to airway inflammation and in host defence against infection.306 

NO can be detected in exhaled breath, through the bronchial tree, or in the lung parenchyma88 

and its measurement has been increasingly recognised as a convenient and cost-effective 

means of non-invasively assessing airway inflammation. Standardised guidelines and 

recommendations for clinical use and reference values for FeNO in normal healthy 

populations have been published,307 and FeNO measurement is generally consistent and 

reproducible in adults and children.308,309 

In asthma patients, high FeNO levels are often associated with eosinophilic inflammation, 

AHR, and disease severity.310,311 FeNO levels decrease after initiating oral312 or inhaled 

steroid treatment,313 leading to recommendations that FeNO measurements should be used in 

predicting and documenting ICS response,314 adherence monitoring 315,316 and as a diagnostic 

tool in ICS-naïve patients.317 However, studies tailoring asthma treatment based on FeNO 

levels318-320 have been inconclusive. For example, a meta-analysis of 1010 patients, found 

that whilst tailoring the ICS dose based on FeNO levels led to reduction of daily dose, it did 

not affect asthma exacerbations or lead to better asthma control.321 

2.3.1.2 Induced Sputum 

Sputum induction is a well characterised and validated procedure322 used to examine 

inflammatory cells and biomarkers from the lower airways in the assessment of respiratory 

disorders.323 It involves inhalation of an aerosolised solution to encourage sputum 

expectoration.324 Various agents such as distilled water, normal saline, glucose solution, and 

surfactant agents (e.g. tyloxapril) have been used325 but hypertonic saline remains the most 

commonly used, due to relatively high success rate and good safety profile.326 It generally 
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involves inhalation of 4.5% hypertonic saline for increasing time intervals (to 10-20 minutes), 

or inhalation of increasing concentrations of hypertonic saline for the same period.324 

For regular cytological assessment, either the whole sputum327 or plug selection technique328 

are used for subsequent processing of the resulting expectorate. Either way, the expectorate is 

generally solubilised with reducing agents (e.g. dithiothreitol (DTT) or dithioerythritol 

(DTE)) that disrupt covalent disulfide bonds in mucin,328 as mucus interferes with 

downstream analysis.324 Generally, the resulting cell suspension is then filtered and 

centrifuged and a total cell count (TCC) and assessment of cell viability (using trypan blue 

exclusion) is performed.329 Cytospins are then prepared, and differential cell counts (DCC) 

are performed on the resulting slides that have been stained appropriately (e.g. May-

Grunwald Giemsa).328 Various criteria and cut-offs have been used for determination of 

sample quality, often based on cell viability and/or squamous cell contamination,327 as poor-

quality samples (with low viability, high squamous cell contamination, or significant saliva 

contamination330 are difficult to assess and are reproducible.331 

Induced sputum is regularly used for the measurement of absolute and relative leukocyte 

numbers, as well as soluble mediators levels in the supernatant produced during 

processing.326,332 Studies identifying reference values for leukocyte populations in healthy 

and diseased populations327,333 show that, in general, the most common leukocyte population 

found in induced sputum of healthy individuals is the macrophage,333 although neutrophils 

can be found in high numbers in some, particularly older, individuals.334A small population 

of lymphocytes (less than 5%) is generally observed. As discussed in section 2.2.1, 

eosinophils are found in increased numbers in many asthmatics. 

Induced sputum has several advantages over other techniques used to assess airway 

pathophysiology. It can be performed in in children and adults, with a reported success rate of 
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~70-100%,335 with minimal discomfort to the patient. However, it is technically challenging, 

laborious, and difficult to conduct in large population-based studies,328 and unlike biopsy, 

only allows assessment of cells and mediators in the airway lumen.336 The procedure itself 

may induce changes in inflammatory cell populations, particularly increases in neutrophils 

and eosinophils, within a 24–48-hour period,337 suggesting that repeated visits within a short 

period of time may lead to artefactual findings. The presence of proteases within saliva or the 

use of DTT may result in reduced mediator detection.338 Finally, some studies report 

considerable interindividual and intraindividual variability in the quality, quantity and 

viability of sputum produced; and in a proportion of cases, sputum cannot be successfully 

induced at all.339 
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Table 2.4. Methods used to assess airway inflammation 

Method Advantages Disadvantages 

Bronchoscopy 

• Direct airway assessment 

• Provides information on 

structural changes 

• Downstream in vitro analysis 

• Invasive 

• Rescue medication/procedures needed 

• Difficult to repeat in patients 

• Time consuming 

• BAL fluid relates to only one segment of lung/can 

be blood contaminated/diluted by saline 

• Laborious processing methods/results are not 

available immediately 

Induced sputum 

• Semi-invasive and safe 

• Validated tool 

• No expensive equipment 

required 

• Molecular and cellular 

biomarkers 

• Allows treatment guidance 

• Allows study of larger patient 

populations than e.g. 

bronchoscopy 

• Risk of bronchoconstriction 

• Rescue medication/ procedures needed 

• Time consuming 

• Success rate around 80%   

• Cannot be conducted in a primary care setting 

• Procedure itself may induce changes in airway/lab 

results 

• Laborious processing methods/results are not 

available immediately 

• Little use for assessing airway structure and subject 

to dilution by saline 

FeNO/ exhaled nitric 

oxide 

• Non-invasive 

• Validated tool 

• Immediate results 

• Can be conducted repeatedly 

• Safe even in severe disease 

• May be collected across all 

ages 

• Allows study of large patient 

population 

• Flow-dependent 

• Nasal sourced contamination is possible 

• Only one mediator is detected 

• Sensitive to range of factors including steroid 

administration 

Exhaled air/ exhaled 

breath 

condensate/volatile 

organic compounds 

• Non-invasive 

• Validated tool 

• Can be conducted repeatedly 

• May be collected across all 

ages 

• Allows study of large patient 

• population 

• Method still under evaluation 

• Laborious processing methods/results are not 

available immediately 

• Low reproducibility of exhaled biomarkers 

• Upper airways/salivary possible contamination 

• Soluble markers subject to dilution 

Nasal Lavage 

• Non-invasive 

• Inexpensive 

• Molecular and cellular 

biomarkers 

• Allows study of large patient 

population 

• Variable sample quality 

• Laborious processing methods/results are not 

available immediately 

• Upper airway may not be representative of lower 

airways 

•  Little use for assessing airway structure and can be 

diluted by saline 
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2.3.2 Airway remodelling 

Structural changes in the airways are generally evaluated through direct examination of 

airway tissues, indirect assessment (using tissue fluids), or through radiological 

assessment.340 Direct airway tissue assessment is often used and can be conducted on 

specimens obtained surgically, post-mortem, or through bronchial bronchoscopy.341 

Histological analyses of airway tissue samples allow the study of the entire airway structure 

and identification of specific pathological changes such as sub-basement membrane 

thickening, subepithelial fibrosis or loss of epithelial integrity.341 However, these sampling 

approaches are extremely invasive, costly, and impractical to conduct in population-based 

studies. As an alternative, some non-invasive techniques have been developed. 

One approach is to measure mediators associated with airway remodelling and ECM 

degradation in body fluids such as induced sputum (discussed in section 2.3.1.2), BAL fluid, 

blood, urine, or saliva (reviewed in Manso et al).340 However, a limitation of measuring 

mediators is that many of them may not be specific to airway remodelling and are often 

related to airway inflammation.36 

Alternatively, imaging technologies such as such as high-resolution computed tomography 

(HRCT) or endobronchial ultrasound (EBUS)36 also allow non-invasive assessment of airway 

remodelling. HRCT scanning uses X-rays to produce high resolution images of the airway 

lumen and wall dimensions.342 However, it exposes the patient to radiation. EBUS was 

initially used to evaluate bronchial wall tumour infiltration,341 but studies conducted over the 

last twenty years have demonstrated that EBUS can also be used to visualise and distinguish 

three to five layers of bronchial wall.343 Unlike HRCT, EBUS is not associated with radiation 

exposure; however, it requires bronchoscopy.344 
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2.3.3 Neural pathways 

2.3.3.1 Efferent nerves 

Various approaches have been used to monitor efferent nerve activity.345 These are often 

based on evaluation of cardiovascular reflexes triggered by performing specific provocative 

manoeuvres. For example, stimuli that raise blood pressure, such as isometric exercise,346 

cold pressor test,347 or mental arithmetic,345 as assessed through blood pressure 

measurements, reflect mainly SNS activity.345 Conversely, changes in heart rate immediately 

after orthostatic testing, Valsalva manoeuvre348 or during deep breathing347 reflect PNS 

activity.349 Other tests, such as using radiolabelled noradrenaline tracers350 and measuring 

catecholamine levels in biological fluids266 have also been used to evaluate ANS activity. 

Given the complexity of the ANS there is no single test that accurately reflects its function. 

Traditionally, a battery of tests have been used to assess autonomic dysregulation, with the 

Ewing battery (including Valsalva manoeuvre, response to deep breathing, orthostatic testing, 

and sustained hand grip) being widely used.351 More recently, techniques such as HRV 

measurement or microneurography have been introduced.352 As HRV analysis used in this 

thesis to assess efferent nerve activity, only this is discussed in greater detail. 

HRV analysis 

HRV is a non-invasive indicator of cardiac autonomic function, based on measuring the 

variations in time-intervals between consecutive heart beats at rest.353 It is generally 

calculated from the R-wave-to-R-wave on an electrocardiogram (ECG) or by a validated HR 

monitor.352 HRV analysis is classified into two categories on the basis of data recording time; 
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short-term HRV which is typically calculated over 5 min, and long-term HRV which is 

calculated over a nominal 24-hour period.352 

There are different approaches to HRV evaluation. The most common are the use of time or 

frequency domain methods.352 Time domain analyses characterise R-R interval variation, 

whereas frequency domain analysis describes the frequency at which the length of the R-R 

interval changes.354 Both methods provide data representing the activity and balance of the 

different branches of the ANS, and are strongly correlated.355 The specific HRV parameters 

are described in Table 2.5. Time domain methods are commonly used for long-term HRV,356 

and frequency domain analysis is most commonly used for short-term HRV. 

Although HRV analysis has gained popularity as a simple, non-invasive tool, it has some 

limitations. In particular, it is directly influenced by several methodological, environmental 

and physiological factors. For example, duration (e.g. short-term versus long-term), the 

instrument used (heart rate monitor versus ECG), or data selection and/or processing (e.g. 

time vs frequency domain) may all impact HRV findings.357 Sex,358 age,359 blood pressure,360 

pubertal status,361 body size,362 and environmental factors like social stresses, loud noises, 

and exposure to pollution363 can also influence HRV findings. 
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Table 2.5. HRV parameters 

 Variable Description Indicative of/use:352 

Frequency-domain 

VLF Very low frequency (power spectrum 

range between 0.0033-0.04 Hz) 

It is not entirely clear what VLF represents, 

but it is presumed to reflect 

thermoregulation and vasomotor activity352 

LF Low frequency (power spectrum range 

between 0.04-0.15 Hz) 

SNS activity in long-term recordings 

PNS activity when respiration rate is lower 

than 9 per minute or during deep breathing  

HF High frequency (power spectrum range 

between 0.15-0.4 Hz) 

PNS activity 

LF/HF Ratio Ratio between the power of LF and HF 

frequency bands  

SNS/PNS balance 

Higher values reflects SNS/lower values 

indicate PNS dominance 

Normalised 

LF 

Ratio between absolute LF and 

difference between total power/VLF 

(expressed as percentage) 

Minimises the effect of changes in VLF 

power 

 Emphasises changes in SNS 

Normalised 

HF 

Ratio between absolute value of HF 

and difference between total power and 

VLF (expressed as percentage) 

Minimises the effect of changes in VLF 

power 

Emphasises changes in PNS 

Time-domain 

RMSSD Root mean square of successive RR 

interval differences. 

PNS activity 

SDRR Standard deviation of RR intervals SNS and vagal activation 

 

Use of HRV assessment in asthma 

To date, relatively few studies have conducted HRV analysis in asthma. These studies have 

been predominantly conducted in adults,257,364 or severe asthmatics,260,365 with relatively few 

studies in young adults or children with mild-to-moderate asthma.366-368 To date, results have 

been mixed, with asthma associated with increased PNS activity (as reflected by increased 

HF or RMSSD) in some studies,260,364,365 but not others.369,370 For example, in a study of 

children (49 asthma/ 58 non-asthma), resting HF was significantly higher in asthmatics 

compared to aged-matched controls.367 Similar findings were reported in a study of 30 

asthmatic adults.364 In contrast, in a study of 19 asthmatic and ten non-asthmatics, both 



51 

 

symptomatic and acute asthmatics had significantly lower LF when compared with the 

controls, but HF (PNS activity) was not increased in asthma.257 

Some studies have reported an association between increased PNS activity and features such 

as asthma severity365 or AHR.371 For example, in one study, asthmatics had high HF and low 

LF compared with the non-asthmatics, with the highest values being observed in severe 

asthmatics.372 Similar results were obtained in a study of 94 children with severe asthma.366 

Increased SNS activity (increased LF) has been associated with improved asthma control365 

and β-agonist use.373,374 

Currently, there are no clinical studies specifically assessing the association between airway 

inflammatory markers and HRV in asthma. However, reports suggest an inverse relationship 

between HRV indices, especially PNS-associated parameters, and markers of systemic 

inflammation (including white blood cell count) in healthy subjects,375 in cardiovascular 

diseases 376 and in inflammatory conditions such as sepsis.377 In a recent meta-analysis of 51 

clinical studies examining HRV and inflammatory markers, most data suggested a negative 

correlation between both sympathetic (LF) and parasympathetic (HF) markers and 

inflammatory markers such as IL-1, IL-6, C-reactive protein, IFN-γ and TNF-α.378 

2.3.3.2 Afferent nerves 

Assessment of airway afferent nerve activity (also termed sensory nerve reactivity)275 has 

often been conducted indirectly using a variety of approaches. These include 

electrophysiologic studies of neuronal cell bodies/isolated tissue or in anesthetised animals,379 

confocal bronchoscopy,241 cough provocation challenge,379 or measuring mediators/ peptides 

implicated in neurogenic inflammation.35 Of these, the two used in this thesis are cough 

provocation challenge (discussed below) and sputum mediator measurement. 
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Sensory nerve reactivity 

Cough provocation challenge is a relatively non-invasive, repeatable, and safe procedure380 

that has been standardised and validated.278 There are different approaches,381 but it generally 

involves inhalation of increasing concentrations of tussive agent via a nebuliser.278 Various 

agents such as capsaicin, citric acid, tartaric acid, prostaglandin, and bradykinin278 have been 

used, but capsaicin is widely used because of high success rate, potency, and specificity281 (it 

activates TRPV1 on sensory c-fibres).382 

The challenge outcome is based on the number of coughs elicited in the period after 

inhalation,383 with endpoints generally being either the dose eliciting 2 and 5 coughs (C2 and 

C5),380 or maximum cough response and half-maximal cough response based on non-linear 

mixed-effect procedure.381 These endpoints have been found to be adequate for identifying 

sensitivity to tussive agents,384-386 and to be reproducible. For example, capsaicin response is 

90-100% reproducible in both the short (14 days) and long-term (~ 6 months).383 

The safety of inhaled capsaicin in cough challenge testing has been assessed in a review of 

122 studies.387 No serious adverse events were reported, although 9 of the 4,833 subjects 

experienced transient reduction in lung function, and transient throat irritation was common. 

Use of sensory nerve reactivity assessment in asthma 

There are relatively few studies directly comparing sensory nerve reactivity in asthmatics and 

non-asthmatics and have generally been conducted in severe asthmatics,388,389 or adults,281 

with few studies in young adults or children.390,391 To date, findings have been equivocal. 

While some studies show that asthmatics exhibit increased sensory reactivity to inhaled 

capsaicin,279,388,392 or citric acid,281 others demonstrate no difference in response to 

capsaicin,281,384,393-396 citric acid,397,398 or tartaric acid.399,400 More recently, in a study 
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comparing capsaicin, citric acid, and prostaglandin challenges in healthy controls, healthy 

smokers, COPD, asthma, and chronic cough, no significant differences in C5 capsaicin and 

prostaglandin between healthy volunteers and patients with asthma were observed. However, 

there was a significant difference in C5 to citric acid, suggesting differences in expression or 

cough receptor sensitivity to citric acid.281 

The association between capsaicin sensitivity and clinical characteristics such as asthma 

severity or AHR is also unclear. Most studies conducted in severe asthmatics suggest that this 

group may be more sensitive to capsaicin.401-403 For example, in a study of 122 severe asthma 

patients, heightened capsaicin sensitivity was associated with asthma severity and frequent 

exacerbations, particularly in patients without atopy.389 However, there is some limited 

evidence that stable or mild asthmatics may also exhibit enhanced sensitivity. For example, 

Satia et al found heightened capsaicin-evoked cough responses in 97 patients with stable 

asthma compared with 47 non-asthmatics;279 this was also more apparent in non-atopic 

asthmatics. 

There are very few studies exploring the association of airway inflammation with sensory 

nerve reactivity in asthma, but those available do not show a strong association. For example, 

in one study assessing the relationship between capsaicin sensitivity, airway inflammation 

and disease control in 157 asthmatics, capsaicin sensitivity was associated with asthma 

control but unrelated to inflammatory cells or markers such as FeNO and IgE.389 Similarly, 

Minoguchi et al found no change in capsaicin response despite observing a significant 

increase in airway eosinophilia after challenging mild atopic asthmatics with inhaled HDM 

allergen.404 
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2.4 Pathophysiological phenotyping 

2.4.1 Inflammation 

2.4.1.1 Allergy or atopy 

An early approach to asthma classification was stratifying into extrinsic and intrinsic 

asthma.147 Extrinsic asthma was believed to be associated with an early onset and allergen 

sensitisation, while intrinsic asthma was associated with late onset, absence of atopy and 

female sex.10,11 However, whilst initially considered distinct forms of asthma, a series of 

small clinical studies comparing intrinsic/extrinsic and atopic/non-atopic asthma found that 

they overlapped in both clinical presentation and in underlying inflammatory characteristics 

(including airway levels of IL-4 and IL-5 mRNA), and, on this basis, suggested that the 

majority of asthma was likely to be TH2-mediated.405,406 Subsequently, the assumption that 

asthma should be classified on the basis of atopy/allergy (allergic vs non-allergic asthma), 

and the relevance of this classification, has been increasingly challenged.15 In particular, it is 

now clear that atopy can occur in the absence of allergic airway inflammation,22 or that 

airway inflammation can occur in non-atopics.407 

Given the potential problems with classification on the basis of atopy or clinical 

characteristics (as discussed in section 2.1.6), and the availability of methods for assessing 

airway pathophysiology, there is increasing emphasis placed upon phenotyping asthma on the 

basis of airway immunopathology. 

To date, two broad categories of pathophysiological phenotypes are commonly used: TH2-

high and TH2-low (on the basis of molecular signatures), or EA and NEA, based on 

cytological assessment of inflammatory cell populations in induced sputum.147 
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2.4.1.2 Molecular phenotypes 

The application of high-throughput -omics approaches has been used to define molecular 

subsets of asthma.147 An example of this approach involved gene-expression profiling of 

biopsy-derived airway epithelial cells, identifying a group of genes (including periostin 

(POSTN)) that were specifically induced in asthma, and directly regulated by IL-13 in 

vitro.408 In a further study, this gene signature was used as a surrogate marker of the IL-13 

inflammatory pathway to determine gene expression variability. Subgroups with high and 

low levels of IL-13 induced genes were found, indicating differential involvement of TH2-

like pathways, despite similar symptoms.409 The TH2-high profile was associated with 

increased markers such as airway eosinophils, mast cells, IgE levels, AHR, and ICS 

responsiveness.409  It also appeared to be associated with a sputum gene expression signature 

comprising of 6 biomarkers.410 Since these studies, various other omics-based approaches 

have been used to further profile asthma subsets and, in general, these provide further 

evidence for TH2-based endotypes.411,412 

2.4.1.3 Sputum inflammatory phenotypes 

For more than a century, there have been reports of increased airway eosinophils in 

asthma,413 and this is now considered a hallmark of allergic asthma;9 often termed EA.22 

Despite previous suggestions that EA made up most asthma cases,405,406 towards the end of 

the 20th century, an increasing number of studies identified subgroups of patients414 with 

symptomatic disease, frequent β-agonist use, and AHR, but normal levels of sputum 

eosinophils.322,415 EA only accounts for about 50% of all asthma cases,22,416,417 ranging from 

30% to 70%.418,419 Studies using bronchial biopsy224,420 or BAL180 have also identified a 

proportion of asthma cases with little evidence of eosinophilic airway inflammation,224,414,421 
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even in severe asthmatics315 or during exacerbation.415 This is referred to as NEA and 

accounts for the remainder of all asthma cases.13 Subsequently, a landmark study by Simpson 

et al suggested that asthma could be further categorised into four inflammatory subtypes on 

the basis of airway eosinophils and neutrophils, including the previously described EA 

phenotype divided into EA (≥1.01% sputum eosinophils and <61% neutrophils) and MGA 

(≥1.01% sputum eosinophils and ≥61% neutrophils) and the NEA phenotype divided into NA 

(≥61% sputum neutrophils and ≤1.01% sputum eosinophils) and PGA (≤1.01% sputum 

eosinophils and ≤61% neutrophils)20 (Figure 2.3). 

 

Figure 2.3. Sputum cytospins showing four inflammatory phenotypes of asthma:  (a) neutrophilic asthma; (b) 

eosinophilic asthma; (c) mixed granulocytic asthma; (d) paucigranulocytic asthma. 
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Eosinophilic asthma 

EA is the most well-characterised inflammatory phenotype.422,423 Studies based upon DCC of 

slides produced using induced sputum generally classify EA using eosinophil cut-offs of 

greater than 1%20,424- 3%425,426. EA has been associated with increased asthma severity,427  

airway obstruction, AHR,428 and exacerbation frequency.429 EA also appears to be more 

responsive to ICS treatment when compared with NEA430 in both adults414,431 and 

children.432,433 

EA is associated with increased expression of TH2 cytokines IL-4, IL-5, and IL-13, in both 

sputum protein434 and mRNA.435 Other clinically useful biomarkers, such as increased 

FeNO436 and serum and sputum periostin437 are associated with EA and have been shown to 

correlate with sputum eosinophil counts.438 Similarly, sputum levels of galectin 10,439 ECP, 

and eosinophil-derived neurotoxin (EDN) are all increased in EA.440 

Mixed granulocytic asthma 

MGA makes up approximately 3%-8% of all asthma patients.20,441-443 Although not well 

characterised, it is believed that MGA represents a combination of the pathology observed in 

both EA and NA i.e. involvement of both TH2 and innate inflammation.20,444 At least one 

study has shown that asthmatics with MGA have more severe airflow obstruction, more 

frequent exacerbations and daily symptoms, and increased health care utilisation compared to 

those with either EA or NA.445 Unsurprisingly, MGA is associated with increased levels of 

airway biomarkers related to both eosinophils and neutrophils, including brain-derived 

neurotrophic factor (BDNF), IL-1β,445 IL-8 and IFN-γ-inducible protein 10 kD,446 and IL-6. 

The latter finding has led to suggestions that therapies targeting the proinflammatory IL-6 

pathway may be beneficial in MGA.447 
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Non-eosinophilic asthma 

Although NEA represents a substantial proportion of all asthmatics, less is understood about 

its clinical features and underlying mechanisms compared with EA.448 NEA can be observed 

in all grades of severity, including mild-to-moderate,417 severe refractory443 and steroid 

resistant asthma.414 

Whilst atopy may be present, NEA seems to be associated with a relatively TH2-low 

inflammatory milieu.17 In support of this, an ex vivo assessment of sputum cell cytokine 

production found that NEA was associated with less IL-4 and more TNF-α production than 

EA.189 In at least a proportion, (see below) innate-mediated, neutrophil driven inflammation 

is important, with evidence of increased airway neutrophilia and neutrophil-associated 

cytokines13 (discussed in greater detail in section 2.2.1.2). However, neutrophilic 

inflammation is not always present in NEA. In particular, there is no evidence of either 

neutrophilic or eosinophilic airway inflammation in over 30% of adults with asthma;20 this is 

even more frequent amongst adolescents.22 As described above, this has led to the 

stratification of NEA into NA and PGA.20 

Neutrophilic asthma 

NA is generally associated with airway neutrophilia and the absence of eosinophils and 

thought to involve the innate immune system194 (described in section 2.2.1.2). It represents 

approximately 10-20% of adult asthma patients.20,443 It is variously characterised by sputum 

neutrophil cutoffs ranging from 40% to 76%.425 NA is more frequent in older patients140 than 

children and adolescents (in some studies NA is undetectable in these populations),22,182 

obese women,449 smokers,450 in more severe disease451,452 and corticosteroid-treated 

patients.179 Regarding the latter, increased sputum neutrophil count may, at least in part, be 

driven by treatment, as ICS inhibit neutrophil apoptosis, and, in some settings, contribute to 
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neutrophil activation.101 However, NA has been observed in steroid-naïve asthmatic 

individuals417,422 as well as asthmatic individuals who have had steroids withdrawn.101 

In NA, neutrophil percentage has been reported to inversely correlate with lung function,453 

air trapping,454 airway wall thickness,455 and increased levels of NE, MMPs and ROS,456 but 

not with airway AHR, when compared with other asthma phenotypes.428 In addition, in at 

least some cases, NA is associated with exposures such as bacterial endotoxins, particulate air 

pollution, and ozone,13 as well as smoking and occupational exposures.457 Recent studies 

assessing the airway microbiome have also reported reduced diversity and evenness of 

detectable airway microbiota in NA, with greater abundance of certain taxa such as 

Haemophilus and Moraxella in NA patients.458,459 

Paucigranulocytic asthma 

PGA is often characterised by less severe asthma, less atopy, and fewer exacerbations 

compared with EA and NA.224 PGA is also associated with significantly better lung function 

than the other asthma phenotypes;425 in a recent study of 240 asthmatics, PGA had mean (SD) 

FEV1 of 81.9% (20.4) predicted compared with EA (FEV1, 74.2% (19.8) predicted), MGA 

(FEV1, 69.7% (18.2) predicted), or NA (FEV1, 72.2% (20.2) predicted).443 PGA represents 

between 31% and 47% of asthma cases20,22,443,460 in both adults431 and children.224 As 

expected for a phenotype defined as having normal levels of eosinophils and neutrophils, 

PGA is characterised by low levels of eosinophil- and neutrophil-related biomarkers.461 

The immunopathology of PGA remains poorly understood.462 It has been proposed that the 

lack of granulocytic inflammation may be associated with airway remodelling after previous 

rather than current inflammation,463 or may involve neural mechanisms; which may or may 

not be independent of airways inflammation or remodelling (discussed in section 2.2.3). 
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Stability of inflammatory phenotypes 

Studies investigating the longitudinal stability of inflammatory phenotypes in both 

children442,464 and adults180,422 have yielded equivocal results. Some studies report stable 

phenotypes in mild to severe asthma followed-up over 6 months,422 12 months,180 2 years465 

and 5 years.20,466 In contrast, other studies find considerable variation over time, with 

approximately half467 to two thirds468 of inflammatory phenotypes in severe asthmatics 

changing over a 12-month period. Some reports suggest that this is even higher; in 128 

asthma patients assessed more than once, D’Silva et al found that only 23% maintained the 

same inflammatory phenotype.469 

There are many potential influences on inflammatory phenotype stability, including 

medications, exacerbations, allergen exposure, air pollution, and viral infections.442,470 

Possibly the most studied influence in this context is that of medication (i.e. ICS use), with 

studies initiating ICS use leading to reduced sputum eosinophils over a 12-month 

period,100,101,465 with the reverse observed with ICS withdrawal471 or dose decrease.472 As 

discussed previously, ICS use is also associated with increased neutrophil levels.422 Asthma 

exacerbation can also be associated with temporal changes in airway eosinophilia (as occurs 

with environmental allergen exposure,111 and respiratory viral infections be associated with 

temporarily increased sputum neutrophil levels).473 
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2.4.2 Other approaches to pathophysiological phenotyping 

As noted above, pathophysiological phenotyping of asthma is increasingly common, and 

many of the approaches have included clinical and inflammatory characteristics. However, 

whilst the evidence summarised in sections 2.2.2 and 2.2.3 point towards the potential 

remodelling and neural pathways, to the author’s knowledge, the assessment and 

identification of phenotypes on this basis has not yet been formally conducted. Despite this, 

the concept of phenotyping on the basis of remodelling and neural pathways has been 

acknowledged40,474 with preliminary work identifying remodelling phenotypes using HRCT 

scans in adult asthmatics,475 or assessing neural responses following allergen or irritant 

exposure using functional magnetic resonance imaging (fMRI)476 or cough response to 

inhaled stimuli (discussed in section 2.3.3). However, these studies are still in the relatively 

early stages and to the author’s knowledge there remains no formal classification system or 

phenotyping approach using these approaches. 
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Chapter 3 Enhanced airway sensory nerve reactivity in non-eosinophilic 

asthma 

Hajar Ali, Collin Brooks, Julian Crane, Richard Beasley, Stephen Holgate, Peter Gibson, 

Philip Pattemore, Yu-Chieh Tzeng, Thorsten Stanley, Neil Pearce, Jeroen Douwes 

Background: Neural mechanisms may play an important role in NEA. This study compared 

airway sensory nerve reactivity, using capsaicin challenge, in EA, NEA and non-asthmatics. 

Methods: Thirty-eight asthmatics and nineteen non-asthmatics (aged 14-21 years) underwent 

combined hypertonic saline challenge/sputum induction, FeNO, atopy, and spirometry tests, 

followed by capsaicin challenge. EA and NEA were defined using a sputum eosinophil cut-

point of 2.5%. AHR was defined as a ≥15% drop in FEV1 during saline challenge. Sensory 

nerve reactivity was defined as the lowest capsaicin concentration that evoked 5 (C5) coughs. 

Results: NEA (n=20) had heightened capsaicin sensitivity (lower C5) compared to non-

asthmatics (n=19) (GM C5: 58.3μM, 95% confidence interval 24.1-141.5 vs 193.6μM, 82.2-

456.0; p<0.05). NEA tended to also have greater capsaicin sensitivity than EA, with the 

difference in capsaicin sensitivity between NEA and EA being of similar magnitude 

(58.3μM, 24.1-141.5 vs 191.0μM, 70.9-514.0) to that observed between NEA and non-

asthmatics; however, this did not reach statistical significance (p=0.07). FEV1 was 

significantly reduced from baseline following capsaicin inhalation in both asthmatics and 

non-asthmatics but no differences were found between subgroups. No associations with 

capsaicin sensitivity and atopy, sputum eosinophils, blood eosinophils, asthma control, or 

treatment were observed. 

Conclusion: NEA, but not EA, showed enhanced capsaicin sensitivity compared with non-

asthmatics. Sensory nerve reactivity may therefore play an important role in the 

pathophysiology of NEA. 

 

BMJ Open Respiratory Research 2021;8; with minor amendments 
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3.1 Introduction 

Asthma is generally associated with TH2-mediated, allergic airway inflammation.12 However, 

some studies show that <50% of asthma cases are attributable to airway eosinophilia,13 and 

that ~50% have no overt signs of either eosinophilic or neutrophilic inflammation.22 In the 

absence of inflammation, the mechanisms underlying NEA remain unclear but it is plausible 

that neural pathways may be involved.23 Whilst this notion is not new,477 there is increasing 

contemporary literature supporting a role for neural involvement: some studies suggest that 

altered autonomic regulation, involving vagal tone and reduced sympathetic tone, may be 

important,23 whilst others have suggested that sensory nerve activation may play a key role in 

asthma pathogenesis.275,285 

To date, evidence of altered airway sensory nerve reactivity in asthma, often measured using 

capsaicin challenge to induce cough by specifically targeting the transient receptor potential 

TRPV1 channel on sensory C-fibres, is equivocal.275 One study observed an increase in 

capsaicin sensitivity amongst adult asthmatics,388 whilst others found no difference between 

asthmatics and non-asthmatics.395,478 Studies measuring associations between capsaicin 

response and inflammatory biomarkers including atopy,279,479 soluble mediators,393,480,481 

fractional FeNO,279,392 sputum404,481,482 and blood279,389 eosinophil percentages, have also 

shown mixed results. We hypothesise that these inconsistencies may be due to inflammatory 

asthma phenotypes expressing differential sensory nerve reactivity. 

No studies have examined capsaicin responses across inflammatory asthma phenotypes 

assessed using induced sputum, which is considered representative of “actual” airway 

pathophysiology.483 This study compared sensory nerve reactivity between young asthmatics 

and non-asthmatics and across different asthma inflammatory phenotypes, and examined 
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associations between sensory nerve reactivity and clinical, demographic, and inflammatory 

characteristics.  
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3.2 Methods 

3.2.1 Study population 

Participants (14-21 years), recruited from Wellington, New Zealand (either from a birth 

cohort study484 or through separate community-based recruitment), completed a respiratory 

questionnaire based on the ISAAC Phase II survey.485 The ISAAC study assessed the 

prevalence of respiratory symptoms in nearly 2 million children and adolescents in >100 

countries; the survey is available at http://isaac.auckland.ac.nz/). Asthma was defined as 

wheezing/whistling in the chest and/or asthma medication use in the last 12 months. Non‐

asthmatics reported no asthma symptoms, no other respiratory conditions or asthma 

medication use. Informed consent was obtained from participants/parents, and the study was 

approved by the Northern B Health and Disability Ethics Committee (15/NTB/2). 

3.2.2 Clinical assessments 

Participants took part in a maximum of three assessments (the first involving all tests 

described below except capsaicin challenge) (Figure 3.1). To confirm inflammatory 

phenotype stability, asthmatics underwent another sputum induction 3-6 months later. 

Capsaicin challenge was conducted at a final assessment (2nd visit for non-asthmatics, 3rd for 

asthmatics) for a proportion of non-smoking participants identified as either EA, NEA, or 

non-asthmatics (recruitment was random within each subgroup). Capsaicin challenge was 

conducted 6-12 months after the final sputum induction. Asthma control was assessed using 

ACQ7.91 Participants with respiratory infection within 1 month of assessment returned when 

symptom-free and those with FEV1% predicted <75% were excluded. Prior to testing, asthma 

medication and antihistamines were withheld for ≥12 and ≥24 hours, respectively. 
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Figure 3.1. Timeline of clinical assessments. 

3.2.2.1 Spirometry and FeNO 

Spirometry and FeNO was measured using an Easyone spirometer (NDD Medizintechnik 

AG, Zurich, Switzerland) or Hypair FeNO analyser (Medisoft, Sorinnes, Belgium) as 

described previously.22,486 

3.2.2.2 Atopy 

Skin prick tests were conducted using a panel of aeroallergens as described previously: 

HDM, tree mix, grass mix, cat and dog dander, Alternaria tenuis and Penicillium mix 

(Stallergenes Greer, Sydney, Australia). Atopy was determined by presence of at least one 

weal ≥ 3mm.22 
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3.2.2.3 Blood eosinophils 

Blood was collected using BD-vacutainers (BD, Auckland, New Zealand) for a complete 

blood count. A high blood eosinophil count (blood EOS-high) was defined as ≥250 

eosinophils/mm3.487 

3.2.2.4 Combined hypertonic saline challenge and sputum induction 

Hypertonic saline challenge/sputum induction was conducted as described previously.488 

Briefly, aerosolised hypertonic saline (4.5% w/v) was produced using an ultrasonic nebuliser 

(DeVilbiss Ultraneb 2000, Langen, Germany) and administered orally through a mouthpiece 

(Hans-Rudolph Inc, Kansas City, USA) for increasing intervals from 0.5-4 minutes, to a total 

of 16 minutes. Spirometry was conducted between intervals, and salbutamol was 

administered if FEV1 dropped to ≤75%-predicted. During the procedure, the number of 

coughs was not counted. Participants were subsequently encouraged to produce sputum in a 

sterile plastic container. Sputum plugs were dispersed using DTT (Sputasol, Oxoid Ltd, 

Basingstoke, Hampshire, England). The suspension was filtered through a 60µm filter 

(Millipore, County Cork, Ireland) and TCC and viability performed. Following 

centrifugation, supernatant was aspirated and stored at -80ºC and the resulting cell suspension 

was used to prepare cytospin slides stained using a Diff-Quik® fixative/stain set (Dade 

Behring, Deerfield, IL). A DCC of 400 non-squamous cells was made using light 

microscopy. Samples were considered to be adequate for analysis if they had a squamous cell 

contamination <30% and >400 total non-squamous cells on one slide. EA was identified as 

≥2.5% eosinophils at any visit and NEA as <2.5% eosinophils at both visits. AHR was 

defined as a ≥15% drop in FEV1 from baseline.488 
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3.2.2.5 Capsaicin challenge 

Capsaicin challenge was conducted as described previously479 with minor modifications. 

Capsaicin (Sigma-Aldrich, Castle Hill, Australia) was solubilised in ethanol/Tween 80. 

Participants inhaled single breaths of aerosolised capsaicin solution in doubling 

concentrations (0.98 to 500μM) from a jet fnebuliser (model 646, DeVilbiss, Langen, 

Germany) controlled by a KoKo dosimeter (nSpire Health Inc, Louisville, CO, USA). One-

minute intervals were maintained between different concentrations. The lowest concentration 

eliciting 2 (C2) and 5 (C5) coughs during a 30-second interval between each concentration 

was manually recorded by a nurse. The procedure was terminated if/when the C5 threshold 

was reached. If C2 or C5 was not reached, a value of 1000μM was assigned for analysis. 

Lung function was measured before and after capsaicin challenge. 

3.2.3 Power and statistical analysis 

The primary aim of this study was to compare capsaicin response in asthmatics and non-

asthmatics, and EA and NEA. Based on power calculations conducted prior to commencing 

the study, which assumed a differences in concentration of capsaicin to elicit 2 coughs of 

53.6 (19.0) μmol/l in asthmatics and 116.0 μmol/l (SD 58.1) in non-asthmatics,489 we 

determined that 20 participants in each subgroup (non-asthmatics, EA and NEA) would be 

sufficient (>99% power) to detect statistically significant differences between asthma 

phenotypes, or between either asthma phenotype and non-asthmatics. 

Analyses were performed using STATA version 11.0 (STATA Corp, College Station, TX, 

USA) and GraphPad Prism 7.0 (Graphpad Software Inc, La Jolla, CA, USA). C2 and C5 

values were expressed as geometric means (GM) with 95% confidence interval (CI), and C5 

used as the primary outcome.479 Mann-Whitney U tests, unpaired t-tests, or Chi-square tests 
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were used as appropriate. Linear regression was conducted using log-transformed C5. 

Regression coefficients were exponentiated and presented as relative differences i.e. ratios 

(per unit increase for continuous variables and compared to the reference category for 

categorical variables). Ratios of >1 represent reduced capsaicin sensitivity whereas ratios of 

<1 represent heightened sensitivity. If significant associations were found, sensitivity 

analyses (excluding subgroups with or without specific characteristics) were conducted to 

assess robustness of findings.  
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3.3 Results 

3.3.1 Population characteristics 

Thirty-nine asthmatics and 21 non-asthmatics were recruited (12 asthmatics and 20 non-

asthmatics from the previous birth cohort study484 and 27 asthmatics and 1 non-asthmatic 

through community-based recruitment). One asthmatic and two non-asthmatics were 

excluded due their FEV1 being ≤75% predicted, leaving 38 asthmatics and 19 non-asthmatics. 

Asthmatics were slightly younger but no differences in sex, ethnicity, or FeNO were 

observed (Table 3.1). Prevalence of atopy, AHR, and sputum eosinophil percentages were 

higher in asthmatics. Of the asthmatics, 18% were classified as uncontrolled, 26.3% as partly 

controlled and 55.4% as well-controlled. Participants recruited from the community were 

slightly younger than participants from the birth cohort (mean age: 18 vs 21 years), but all 

other baseline characteristics were comparable (data not shown). 
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Table 3.1. Population characteristics 
 

Non-asthma 

(N=19) 

Asthma  

(N=38) 

Eosinophilic 

asthma (N=18) 

Non-eosinophilic 

asthma (N=20) 

Age       21.0 (2.0) 19.0 (2.0) ** 18.3 (2.0) 19.3 (2.0) 

Males- n (%) 6 (32.0 %) 14 (37.0 %) 6 (33.0 %) 8 (40.0 %) 

Height (cm) 170.0 (8.3) 167.4 (9.0) 165.0 (8.1) 168.7 (9.5) 

Weight (Kg) 67.0 (12.6) 67.4 (15.4) 62.2 (12.1) 72.2 (17.0) 

Ethnicity     

European-NZ (%) 18 (94.7 %) 30 (78.9 %) 14 (77.8 %) 16 (80.0 %) 

Non-European-NZ (%) 1 (5.3 %) 8 (21.1 %) 4 (22.2 %) 4 (20 %) 

Passive smokinga 2 (10.5 %) 3 (8.0 %) 1 (6.0%) 2 (10%) 

Asthma medicationa     

No asthma medication- n (%) 
 

8 (21.1%) 3 (17.0 %) 5 (25.0 %) 

ICS alone- n (%) 
 

6 (15.7%) 4 (22.2 %) 2 (10.0 %) 

 β-agonist alone- n (%)  7 (18.4%) 2 (11.1 %) 5 (25.0 %) 

ICS & β-agonist - n (%)  17 (44.8%) 9 (50.0 %) 8 (40.0 %) 

Sleep disturbance due to cougha 0 (0.0 %) 14 (36.8 %) ** 7 (39.0 %) 7 (35 %) 

Dry cough at nightb 0 (0.0 %) 13 (34.0 %) ** 7 (39.0 %) 6 (30.0 %) 

ACQ7 score 
 

0.8 (0.3-1.3) 1.4 (0.7-1.7) †† 0.6 (0.2-0.9) 

FeNO (ppb) 41.5 (38.1) 66.6 (76.1) 82.3 (75.2) † 53.0 (76.0) 

Atopyc- n (%) 10 (53 %) 32 (84.2 %) * 17 (94.4 %) 15 (75.0 %) 

Airway hyperreactivityd- n (%) 0 (0.0 %) 15 (39.5 %) ** 11 (61.1 %) †† 4 (20.0 %) 

Sputum eosinophils % 0.0 (0.0-0.3) 2.2 (0.0-10.7) ** 12.0 (9.0-40) †† 0.0 (0.0-0.8) 

Sputum neutrophils % 13.0 (7.0-33.0) 8.3 (4.3-24.0) 7.8 (5.0-24.0) 8.5 (4.1-24.4) 

Blood eosinophils (mm3) 200 (100-300) 500 (200-800) ** 600 (500-900) †† 200 (100-400) 

Means (standard deviation), median (IQR) or frequency (%), Mann-Whitney test and Chi-square tests were used 

as appropriate. * p<0.05; ** p<0.01 asthmatics versus the reference population, † p<0.05; †† p<0.01 non-

eosinophilic versus eosinophilic asthmatics. 
a In the past 12 months 
b In the past 12 months without cold or respiratory infection 
c Positive SPT against one or more common allergens 
d ≥15% drop in FEV1 from baseline following hypertonic saline challenge 

SPT, skin prick test; FeNO, fractional exhaled nitric oxide 
Eosinophilic asthma defined as ≥2.5% sputum eosinophils  
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3.3.2 Inflammatory phenotypes 

Fifty‐three percent (n=20) of asthmatics were NEA at both visit 1 and 2, with the remaining 

47% (n=18) EA. EA were more likely to be atopic, and have AHR, higher FeNO, and more 

poorly controlled asthma than NEA (Table 3.1). There were no differences in nocturnal 

cough symptoms (Table 3.1). Neutrophilic asthma or mixed granulocytic asthma20 were not 

detected, and sputum neutrophil levels were not significantly different between groups (Table 

3.1). 

3.3.3 Capsaicin response and inflammatory phenotypes 

Capsaicin response did not differ between asthmatics and non-asthmatics (Figure 3.2A and 

3.2B) and was not associated with recruitment source (data not shown). However, NEA had 

significantly greater capsaicin sensitivity than non-asthmatics (GM 58.3µM, 95% CI 24.1-

141.5 vs 193.6µM, 82.2-456.0; Figure 3.2B). NEA tended to also have greater capsaicin 

sensitivity than EA, with the difference in capsaicin sensitivity between NEA and EA being 

of similar magnitude (58.3μM, 24.1-141.5 vs 191.0μM, 70.9-514.0) to that observed between 

NEA and non-asthmatics; however, this did not reach statistical significance (p=0.07). Using 

sputum eosinophil cut-offs of either 1%20 or 3%414 to define EA and NEA did not affect these 

findings (data not shown). Results for C2 showed no differences between groups (Figure 

3.2A). When excluding participants with elevated blood eosinophil levels (to avoid potential 

NEA phenotype misclassification), capsaicin sensitivity remained higher in NEA (C5 

72.9μM, 14.2-374.9) than non-asthmatics (170.0μM, 71.7-403.0), but findings were no longer 

statistically significant. When subjects were stratified by atopy (Supplementary Figure S3.1) 

or blood eosinophils (Supplementary Figure S3.2) rather than EA/NEA, we found no 

significant differences in C2 or C5 between groups.  
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Figure 3.2. Concentrations (μM) of capsaicin eliciting (A) 2 coughs (C2) or (B) 5 coughs (C5) in participants 

with and without asthma, and eosinophilic asthma (EA) and non-eosinophilic asthma (NEA). Dashed lines at 

1000 μM represent values assigned to those participants who did not achieve C2 or C5 during testing. Solid line 

represents geometric mean. Mann-Whitney test was used. * p<0.05  

3.3.4 Capsaicin response and demographic/clinical characteristics 

In asthmatics and non-asthmatics, no associations were found between capsaicin sensitivity 

and demographic parameters, asthma control, lung function, inflammatory markers, treatment 

or AHR (Table 3.2). In EA, capsaicin sensitivity was significantly lower for Europeans 

(n=14) compared to non-Europeans (n=4; Table 3.2). Capsaicin sensitivity was also 

significantly lower for those with (n=11) compared to without AHR (n=7; ratio=7.94, 

p<0.05). In NEA, C5 was inversely associated with FeNO (ratio=0.99 per unit increase, 

p<0.05) and positively associated with FEV1/FVC% predicted (ratio=1.12 per unit increase, 

p<0.05; Table 3.2). 
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Table 3.2. Associations between demographic and clinical characteristics and capsaicin 

response (C5) 

 

 Relative difference (ratio) in capsaicin concentration to elicit 5 coughs# 

  
Non-asthma 

(N=19) 

Asthma  

(N=38) 

Eosinophilic asthma 

(N=18) 

Non-eosinophilic 

asthma (N=20) 

  Ratio (95%CI) Ratio (95%CI)  Ratio (95%CI)  Ratio (95%CI)  

Continuous variables 

Age (years) 1.10 [0.70,1.72] 0.89 [0.70,1.09] 0.79 [0.51,1.25] 1.26 [0.80,1.98] 

FEV1% predicted 0.99 [0.91,1.09] 1.02 [0.98,1.07] 1.07 [0.98,1.17] 1.02 [0.94,1.12] 

FVC% predicted 0.96 [0.83,1.09] 1.00 [0.91,1.09] 1.05 [0.96,1.15] 0.96 [0.87,1.05] 

FEV1/FVC% predicted 1.10 [0.92,1.31] 1.07 [0.98,1.17] 1.07 [0.94,1.23] 1.12* [1.03,1.23] 

FeNO (ppb) 0.99 [0.97,1.01] 1.00 [0.99,1.01] 1.01 [1.00,1.02] 0.99* [0.98,1.00] 

Sputum eosinophil % 0.91 [0.76,1.09] 1.02 [0.98,1.07] 0.99 [0.95,1.04] 0.63 [0.26,1.56] 

Sputum neutrophil % 1.00 [0.94-1.10] 0.96 [0.93,1.00] 0.96 [0.91,1.01] 0.98 [0.93,1.02] 

Blood eosinophil/mm3 0.99 [0.99,1.00] 1.01 [0.99,1.00] 1.00 [0.99,1.01] 0.99 [0.99,1.00] 

ACQ7 score - 1.74 [0.71,2.13] 1.59 [0.41,6.14] 0.40 [0.04,3.8] 

Dichotomous variables 

Female (vs male) 0.81 [0.13,4.94] 1.59 [0.41,6.14] 3.98 [0.66,24.21] 0.63 [0.10, 3.84] 

Ethnicity (Eur vs non-Eur) 3.23 [0.53,19.68] 2.04 [0.53,7.91] 10.23* [1.68,62.23] 0.48 [0.12,1.85] 

Dry cough at night (yes vs no) - 0.32 [0.08,1.22] 0.14 [0.02,0.91] 0.9 [0.14,5.81] 

Sleep disturbance due to cough (yes 

vs no)  
- 1.27 [0.32,4.98] 1.70 [0.19,14.53] 0.80 [0.15,4.26] 

AHR (yes vs no) - 2.51 [0.65,9.73] 7.94* [1.31,48.31] 0.20 [0.03,1.21] 

Atopy (yes vs no) 1.26 [0.21,7.66] 0.63 [0.10,3.84] 0.40 [0.01,23.12] 0.40 [0.07,2.42] 

Treated (yes vs no) - 0.33 [0.07, 1.72] 0.23 [0.01, 4.21] 0.25 [0.04, 1.60] 

ICS use (yes vs no) - 0.81 [0.23, 2.88] 1.14 [0.17, 7.64] 0.41 [0.08, 2.21] 

β-agonist use (yes vs no) - 1.02 [0.28, 3.80] 1.14 [0.17, 7.64] 1.02 [0.20,5.70] 
# As analyses were conducted on-log transformed C5 values, regression coefficients are shown as relative (ratios) rather 

than absolute differences (per unit increase in case of continuous variables and compared to the reference category in case 

of categorical variables); Ratios of >1 represent reduced capsaicin sensitivity whereas ratios of <1 represent heightened 

sensitivity. * p<0.05 
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3.3.5 Sensitivity analyses 

Post-hoc sensitivity analyses were conducted for characteristics independently associated 

with capsaicin response. Limiting analysis to asthmatics with AHR, we found that capsaicin 

sensitivity was significantly greater in NEA (15.6µM, 2.6-95.0) than non-asthmatics 

(193.6µM, 82.2-456.2) and EA (441.0µM, 127.0-1533.0; Figure 3.3A). Excluding non-

Europeans (n=9) showed significantly increased capsaicin sensitivity in NEA (50.3µM, 18.0-

139.0) compared with non-asthmatics (206.0µM, 84-507), and EA (320µM, 104-989; Figure 

3.3B). To clarify the potential role of treatment status, we conducted further sensitivity 

analysis including only asthmatics who used either ICS or β-agonists (excluding n=5 NEA 

and n=3 EA). This also showed statistically significant (p<0.05) enhanced capsaicin 

sensitivity in NEA (39.4µM, 16.9-91.4) compared with non-asthmatics (155.5µM, 76.2-

317.6) and EA (150.4µM, 58.4-387.1; Figure 3.3C). We also conducted sensitivity analysis 

based on lung function, FeNO (excluding NEA with elevated FeNO levels to address the 

issue of potential phenotype misclassification), ICS-use alone, and gender (Supplementary 

results, supplementary Figure S3.3 & S3.4). These did not have an appreciable effect on the 

main findings (although in some cases results were no longer statistically significant). 
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Figure 3.3. Concentration (μM) of capsaicin eliciting 5 (C5) coughs in participants with AHR (A), Europeans 

only (B), and in participants using ICS or β-agonist medication (C). Dashed lines at 1000 μM represent values 

assigned to those participants who did not achieve C2 or C5 during testing. Solid line represents geometric 

mean. Mann-Whitney test was used. * p<0.05 

3.3.6 Capsaicin challenge and spirometry 

FEV1%-predicted and FVC%-predicted were significantly reduced following capsaicin 

challenge in asthmatics and non-asthmatics. However, this was not different between 

subgroups, including EA and NEA (Table 3.3). 

Table 3.3. Changes in lung function following capsaicin challenge 

 
Non-asthma 

(N=19) 

Asthma 

(N=38) 

Eosinophilic 

asthma 

(N=18)  

Non-eosinophilic 

asthma 

(N=20)  

FEV1 % predicted Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

Baseline 97.6 (7.9) 96.0(10.7) 91.5 (11.1) † 99.6 (9.0) 

Post 95.0 (8.0) 92.2 (11.2) 88.4 (11.1) † 96.0 (10.3) 

∆ -2.7 (3.6) # -3.7 (-2.7) # -3.1 (2.7) # -4.3 (2.7) # 

FVC % predicted 
    

Baseline 97.7 (7.0) 100.0 (11.0) 98.0 (11.4) 102.0 (9.6) 

Post 95.3 (7.5) 95.5 (10.9) 94.0 (11.2) 97.0 (11.0) 

∆ -2.4 (2.5) # -3.3 (5.1) # -4.0 (4.2) # -4.6 (6.0) # 

FEV1/FVC % predicted 
    

Baseline 101.2 (4.4) * 97.3 (7.7) 94.9 (7.4) † 99.5 (7.4) 

Post 100.0 (5.0) 97.0 (7.4) 94.5 (7.3) † 99.3 (7.0) 

∆ -1.4 (3.0) -0.3 (4.4) -0.4 (3.1) -0.2 (5.3) 

Data presented as mean (SD). t-test: * p<0.05; ** p<0.01 asthmatics versus the reference population; † p<0.05, 

†† p<0.01 non-eosinophilic versus eosinophilic asthmatics; # p<0.01 baseline versus post capsaicin challenge.  
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3.4 Discussion 

This study found enhanced airway sensory nerve reactivity in NEA compared with non-

asthmatics, whilst no difference between EA and non-asthmatics was found, suggesting that 

sensory nerve reactivity may play a role in the pathophysiology of NEA but not EA. No 

associations between capsaicin sensitivity and atopy, sputum eosinophils, blood eosinophils, 

asthma control, or treatment were observed. However, AHR was associated with reduced 

capsaicin sensitivity in EA, whilst FENO was associated with increased capsaicin sensitivity 

in NEA. 

Although our findings are consistent with some previous reports showing no difference in 

capsaicin response between asthmatics and non-asthmatics,395,478 other studies found a 

heightened capsaicin response in asthma.279,388 These inconsistencies may be due to 

demographic and methodical differences, or alternatively, as suggested here, airway sensory 

nerve reactivity may be specific to inflammatory phenotypes, with differences masked for 

comparisons with general asthma. 

To our knowledge, a direct relationship between sensory nerve reactivity and NEA has not 

previously been shown. However, recent studies have suggested an association with non-

atopic asthma,275 which, like NEA, may be driven by non-TH2 mechanisms.13 For example, 

one study reported that capsaicin-induced cough was more pronounced in non-atopic 

asthmatics compared to atopic asthmatics or non-asthmatics.279 Another study suggested that 

heightened capsaicin sensitivity is associated with poor asthma control/severity in non-atopic 

asthmatics.389 However, data are equivocal and a study in non-asthmatics found no 

association with atopy,479 suggesting that atopy does not reliably predict capsaicin response. 

In agreement, we observed no differences between non-atopic and atopic asthmatics, or 

between atopic or non-atopic individuals in general. However, our study was not powered to 
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examine capsaicin response in non-atopics, who made up a small proportion (16%) of 

asthmatics, as is typical in New Zealand.22 

Few studies have assessed associations between airway inflammation and sensory nerve 

reactivity; these yielded inconsistent results, possibly due to asthmatic airway inflammation 

heterogeneity. Three studies showed no association between capsaicin response and sputum 

eosinophilia;404,481,482 however, in these studies capsaicin response was assessed in allergic 

asthmatics or following allergen challenge, which likely excluded individuals with TH2-low 

inflammation and/or NEA. Other studies used FeNO279,392 or blood eosinophils279,389as 

indicators of TH2-mediated airway inflammation, and again, results varied.392,474 In the 

present study, we used multiple TH2-indicators; both systemic (atopy, blood eosinophils) and 

airway-specific (FeNO, sputum eosinophils), but an increased capsaicin response was 

observed only in NEA. Capsaicin sensitivity was also associated with FeNO in NEA, but this 

association (a 1ppb FeNO increase was associated with 1% greater capsaicin sensitivity) was 

small, and unlikely to be of clinical significance. The reasons for the mixed findings between 

studies are unclear, but it is possible that, whilst elevated FeNO and blood eosinophils are 

markers of TH2 inflammation, they may not be specific enough to accurately identify airway 

inflammatory patterns, and in particular, NEA (in our study 75% of NEA were atopic). This 

is supported by previous data showing that blood eosinophils and FeNO levels do not 

accurately predict sputum eosinophil percentages.483 

The causes of enhanced sensory nerve reactivity in NEA are unknown. However, viruses and 

irritants, identified as potential triggers of asthma,275 and NEA in particular,13 may play a 

role. These may result in sensory nerve TRPV1 channel activation or increased expression, 

leading to increased cough response, even in the absence of other pathophysiology, such 

AHR (as observed in the EA group in this study), or inflammation.275 Similar 
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hyperresponsive capsaicin-sensitive phenotypic changes have been reported in vasomotor 

rhinitis, despite no evidence of nasal mucosal inflammation.490 Alternatively, increased 

capsaicin response may be due to alterations in the afferent pathways or neuronal networks 

upstream of initial TRPV1 activation.275 

Although we found no statistically significant associations with characteristics previously 

associated with capsaicin sensitivity such as age,481 gender,279 asthma control,389or 

treatment,388 we observed an association with ethnicity in EA. There are few studies 

examining associations between either sensory nerve reactivity or inflammatory phenotypes 

and ethnicity, and of the former, no association has been found.491 As our finding was based 

on very small numbers, it may be due to chance. 

Consistent with other studies,388,389 baseline lung function was not associated with capsaicin 

response. However, following capsaicin challenge, FEV1%-predicted and FVC%-predicted 

were slightly decreased across all groups with no differences between subgroups. This is in 

agreement with previous studies showing that capsaicin does not cause clinically significant 

bronchoconstriction in asthmatics.279 Our results suggest that whilst capsaicin produces an 

increased tussive response in NEA, it is not associated with clinically significant AHR in this 

(or any other) group. 

The observation that increased sensory nerve reactivity is associated with NEA may have 

significant implications. As reported previously, NEA makes up >50% of asthma22 and is less 

responsive to ICS,422 the mainstay drug in asthma management. There is therefore a 

substantial and unmet need in the therapeutic management of this group. If sensory nerve 

reactivity plays a role in the pathology underlying NEA and is therefore a potential treatable 

trait,19 then accurately identifying individuals with increased airway sensory reactivity, and 

developing specific therapeutic approaches targeting this, will be important. Of particular 
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interest, recent reports suggest that anticholinergics (which are effective in some but not all 

asthma)492 may markedly reduce airway reactivity to a variety of stimuli including 

capsaicin.23 Tiotropium bromide reduces both cough and cough-reflex sensitivity in asthma 

refractory to ICS/LABA.402 Alternatively, P2X3 antagonists (which have shown promise in 

the treatment of refractory chronic cough) may be of benefit.493 However, it is currently 

unclear whether these will be effective in NEA, which was not associated with nocturnal 

cough symptoms in this study. It is also possible that capsaicin treatment itself may be 

beneficial in sensory nerve hyperreactivity in NEA, as has been shown in vasomotor 

rhinitis.494 Finally, in addition to results being relevant to treatment, our findings suggest that 

capsaicin challenge, in conjunction with other methods such as sputum induction, AHR, 

FeNO, and atopy testing, may be a useful tool to differentiate between asthma phenotypes, 

and provide important clues regarding causal (non-allergenic) exposures. 

This study has limitations. Firstly, the number of participants, particularly when stratified by 

phenotype, were relatively small. Although power calculations, based on limited observations 

from other studies, suggested sufficient power (see methods), differences observed in our 

study were somewhat smaller than we had assumed and power to detect differences between 

groups was therefore reduced. This may explain why there was a significant difference 

between NEA and non-asthmatics, and a similar difference between NEA and EA that did not 

reach statistical significance, involving slightly smaller numbers. In addition to reduced 

power, this study involved multiple comparisons, which may have contributed to some 

chance findings. However, for our main aim (to assess whether capsaicin responses are 

different across asthma inflammatory phenotypes, and non-asthmatics) and focusing on the 

primary outcome (C5), we found 7 (43.8%) statistically significant (p<0.05) findings across 

16 comparisons (Figures 3.2B/3.3A-C), which is considerably more than expected based on 

chance alone (0.8; 5%). Therefore, based on the fact that results were highly consistent across 
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multiple sensitivity analyses, we believe that these results are unlikely a chance finding. For 

Table 3.2, which summarises the results of our secondary aim (to examine associations 

between sensory nerve activity and clinical, demographic, and inflammatory characteristics in 

asthmatics) we had fewer statistically significant findings (4 out of 54 (7.4%) compared to 

2.7 (5%) expected for comparisons in asthmatics). Therefore, those associations are more 

likely explained by chance and should therefore be interpreted with a degree of caution. 

Secondly, asthmatics were generally well-controlled and identified using an epidemiological 

definition and not on the basis of objective tests (such as BDR and/or AHR). Therefore, some 

misclassification may have occurred, particularly for NEA, in which asthma symptoms are 

often present in the absence of objective measures (such as AHR).495 However, we consider 

that any bias introduced as result will be minimal as this approach, used in previous 

studies,57,304,496 generally compares well with clinical diagnoses,57and has been shown to be 

better than some objective measures.496 Indeed, there are several issues with objective testing 

for confirmation of asthma diagnosis in a community based setting, particularly given the 

inherently variable nature of asthma, and that most asthmatics are not treatment naïve (>60% 

in the current study were using ICS at the time of assessment). This (amongst other reasons) 

has led to recommendations that asthma be considered on the basis of symptoms rather than 

pathophysiology.9 In this study, of the 38 participants who we defined as asthmatics, 34 had 

their asthma diagnosed by a doctor (as indicated from the questionnaire); of the four subjects 

that were identified as asthmatic with no doctor diagnosis of asthma, three had used ICS in 

the past 14 days. Therefore, only one subject was defined based on respiratory symptoms 

alone. Excluding this person from the analyses did not materially change the results, although 

p-values increased marginally (data not shown). Also, the main study findings were similar 

when applying a more stringent definition of asthma, i.e. restricting analysis to only 
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asthmatics who used ICS or β-agonists, or with AHR; suggesting that associations observed 

are robust and unlikely to be due to asthma misclassification. 

Thirdly, due to the cross-sectional nature of the study, capsaicin challenge was not repeated 

and reproducibility of capsaicin response in inflammatory phenotypes remains unstudied. 

However, a high degree of reproducibility of capsaicin response has been documented 

previously.383 Fourthly, there is a possibility that at least some of the NEA cases may be EA 

in which ICS suppressed airway eosinophilia.422 However, post hoc analysis, excluding the 4 

NEA participants who used ICS in the last 14 days, did not have an appreciable effect 

(although results were no longer statistically significant). Fifthly, information regarding 

cough symptoms and medication use was collected on the basis of participant self-report 

using the ISAAC questionnaire. As such, data regarding ICS dose or asthma treatment step 

were unavailable, and although we have data regarding nocturnal cough symptoms, no 

information on daytime cough frequency was collected. We were therefore unable to 

determine if capsaicin response was associated with daytime or overall cough frequency. 

Finally, it has been suggested that that a non-linear fix-modelling procedure may be more 

appropriate than fixed C2/C5 endpoints.279 However, in this study, capsaicin challenge was 

terminated upon reaching C5 (to avoid further participant discomfort). Hence, non-linear fix-

modelling was not feasible. 

In conclusion, our study shows that sensory nerve reactivity may play an important role in the 

pathophysiology of mild-to-moderate NEA in young adults. Although it is not yet clear if this 

is relevant in older groups or more severe asthma, we suggest that sensory nerve reactivity 

may represent a novel therapeutic target in NEA, a group in which current asthma 

medications have previously been shown to be less effective.422 
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3.5 Supplementary material 

After conducting sensitivity analyses examining the association with atopy (Supplementary 

Figure S3.1) and blood eosinophils (Supplementary Figure S3.2), further sensitivity analyses 

were conducted examining capsaicin response in only participants with FEV1% predicted 

<95% or excluding participants with high FeNO in NEA. Similar results were found between 

NEA and non-asthma (Supplementary Figure S3.3A and S3.3B). To exclude the possibility 

that NEA was in fact EA with ICS-suppressed eosinophilia, we conducted an analysis 

excluding all NEA who received ICS in the last 14 days (n=4). This did not have an 

appreciable effect on the main findings (although results were no longer statistically 

significant; Supplementary Figure S3.3C). Finally, as females have previously been shown to 

have enhanced capsaicin sensitivity, we also conducted a sensitivity analysis excluding males 

(n=20). This analysis showed significantly increased sensitivity in NEA (41.7 µM, 13.2-

131.7) compared with EA (222.7µM, 81.3-610.5); a borderline statistically significant 

difference was also found comparing NEA with non-asthmatics (146.6µM, 57.3-375.2; 

Supplementary Figure S3.4A and S3.4B).
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Figure S3.1. Concentrations (μM) of capsaicin eliciting (A) 2 coughs (C2) or (B) 5 coughs (C5) in non-

asthmatics and asthmatics with and without atopy. Dashed lines at 1000 μM represent values assigned to those 

participants who did not achieve C2 or C5 during testing. Solid line represents geometric mean. Mann-Whitney 

test was used.  

 

 

 

 

 

 

Figure S3.2. Concentrations (μM) of capsaicin eliciting (A) 2 coughs (C2) or (B) 5 coughs (C5) in participants 

with and without asthma, and asthmatics identified as blood EOS-high and blood EOS-low. Dashed lines at 

1000 μM represent values assigned to those participants who did not achieve C2 or C5 during testing. Solid line 

represents geometric mean. Mann-Whitney test was used.  
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Figure S3.3. Concentrations (μM) of capsaicin eliciting 5 coughs (C5) in participants with airflow limitation 

(FEV1% predicted <95%) (A), excluding participants with high FeNO (based on the 90th percentile of FeNO 

levels in non-asthmatics) of in NEA (B) and in NEA participants who did not use ICS in the last 14 days (C). 

Dashed lines at 1000 μM represent values assigned to those participants who did not achieve C2 or C5 during 

testing. Solid line represents geometric mean. Mann-Whitney test was used. * p<0.05 

 

 

 

 

 

 

 

 

 

 

Figure S3.4. Concentrations (μM) of capsaicin eliciting (A) 2 coughs (C2) or (B) 5 coughs (C5) in female 

participants with and without asthma, and asthma stratified into eosinophilic asthma (EA) and non-eosinophilic 

asthma (NEA). Dashed lines at 1000 μM represent values assigned to those participants who did not achieve C2 

or C5 during testing. Solid line represents geometric mean. Mann-Whitney test was used. * p<0.05 
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Chapter 4 Heart rate variability as a marker of autonomic nervous 

system activity in young people with eosinophilic and non-eosinophilic 

asthma 

Hajar Ali, Collin Brooks, Yu-Chieh Tzeng, Julian Crane, Richard Beasley, Peter Gibson, 

Philip Pattemore, Thorsten Stanley, Neil Pearce, Jeroen Douwes 

Background: An imbalance in ANS activity may play a role in asthma, but it is unclear 

whether this is associated with specific pathophysiology. This study assessed ANS activity by 

measuring HRV in EA and NEA and people without asthma. 

Methods: HRV, combined hypertonic saline challenge/sputum induction, FeNO, SPT to 

measure atopy, and spirometry tests were conducted in teenagers and young adults (14-21 

years) with (n=96) and without (n=72) generally well-controlled asthma. HRV parameters 

associated with sympathetic and parasympathetic ANS branches were analysed. EA and NEA 

were defined using a 2.5% sputum eosinophil cut-point. AHR was defined as ≥15% reduction 

in FEV1 following saline challenge. 

Results: HRV parameters did not differ between asthmatics and non-asthmatics or EA and 

NEA. They were also not associated with markers of inflammation, lung function or atopy. 

However, increased absolute low frequency (LFµs2; representing increased SNS activity) was 

found in asthmatics who used β-agonist medication compared to those who did not (median: 

1611, IQR: 892-3036 vs 754, 565-1592; p<0.05) and increased normalised low frequency 

(nu) was found in those with AHR compared to without AHR (64, 48-71 vs 53, 43-66; 

p<0.05). 

Conclusion: ANS activity (as measured using HRV analysis) is not associated with 

pathophysiology or inflammatory phenotype in young asthmatics with generally well-

controlled asthma. However, enhanced SNS activity can be detected in asthmatics with AHR 

or who use β-agonist medication. 

 

Journal of asthma 2023;60(3):534–542; with minor amendments 
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4.1 Introduction 

Asthma is commonly characterised by eosinophilic,12 or neutrophilic airway inflammation,451 

but there is increasing evidence that inflammation is not detectable in a large proportion of 

cases.416 Furthermore, asthma therapies directed towards reducing airway inflammation (such 

as ICS) are not effective in controlling symptoms in some people.422 This has led to an 

increased interest in non-inflammatory mechanisms, such as neural pathways in asthma.23 

The ANS plays a critical role in regulation of ASM tone,23 and historically it has been 

suggested that ANS dysregulation may be important in asthma.228 If true, this may provide an 

alternative avenue for intervention,228 particularly in asthmatics with little evidence of airway 

inflammation or for whom current medication is ineffective. Whereas direct assessment of 

autonomic activity is difficult, it can be assessed indirectly through analysis of HRV. HRV 

data is commonly evaluated using frequency domain analyses.497 This assigns the distribution 

of periodicities in HR fluctuation into frequency bands, including HF and LF, considered to 

reflect PNS (principally vagus nerve activity) and SNS modulation, respectively. The LF/HF 

ratio is considered to reflect the balance between the two.352 

To date, relatively few studies have conducted HRV analysis in asthma and the results have 

been mixed. Increased PNS activity in asthma (i.e. increased HF) was found in some 

studies260,364,365 but not others.369,370 Furthermore, some studies have reported an association 

between increased PNS activity and poor asthma control365 and AHR,371 while increased SNS 

activity (increased LF) was associated with improved control365 and β-agonist use.498 

However, most studies have been conducted in adults or people with severe asthma, with few 

studies in young adults or children with mild-to-moderate asthma. Additionally, previous 

HRV studies have not considered the heterogeneity underlying different asthma pathologies 

or inflammatory phenotypes e.g. EA and NEA.13 This may have contributed to some of the 
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mixed results reported previously. In particular, we have previously shown that NEA but not 

EA exhibit heightened sensory nerve reactivity.499 Other neural pathways might therefore 

also be important in the pathology of this phenotype. 

We hypothesised that an ANS imbalance is involved in NEA, for which there is little 

evidence of airway inflammation, and the pathophysiological basis is largely unknown.13 The 

aim of the study therefore was to assess ANS activity in asthma by measuring HRV in EA 

and NEA in young (14-21 years) people with and without asthma. The reason for choosing 

this specific age-group was because sputum induction and airway hyperreactivity testing is 

difficult in young children and previous studies have shown that pubertal status significantly 

affects HRV measurements.361 We also examined the associations between HRV parameters 

and clinical and inflammatory characteristics. 
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4.2 Methods 

4.2.1 Study population 

We recruited 96 asthmatic and 72 non-asthmatic participants aged 14–21 years from 

Wellington, New Zealand, either from a previous birth cohort study484 (29 with and 70 

without asthma) or through separate community-based recruitment (67 with and 2 without 

asthma). All participants completed a respiratory symptom questionnaire based on the 

ISAAC Phase II survey.485 Asthma was defined on the basis of a positive response to: ‘have 

you had wheezing or whistling in the chest in the past 12 months?’, and/or ‘have you taken 

asthma medication in the past 12 months’. β-agonist use was defined as any short or long 

acting β-agonist use, either in the last 12 months or the last 7 days; ICS use was defined as 

any ICS use in the last 12 months. Participants without asthma reported no respiratory 

symptoms or asthma medication use. Informed consent was obtained from all participants 

and their parents, and the study was approved by the Northern B Health and Disability Ethics 

Committee (15/NTB/2). 

4.2.2 Clinical assessments 

Participants underwent the clinical assessments described below. Asthma control status was 

based on ACQ7, with a value of ≤ 0.75 representing controlled asthma, 0.76–1.49 

representing partially-controlled asthma, and ≥1.5 representing uncontrolled asthma.91 

Participants with symptoms resembling a respiratory infection within 1 month of assessment 

returned when symptom-free and those with FEV1%-predicted <75% were excluded. Prior to 

testing, all asthma medication and antihistamines were withheld for at least 12 and 24 hours, 

respectively. 
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4.2.2.1 HRV measurement 

HRV parameters were measured using a computerized ECG data acquisition device with 16 

analogue input channels sampled at 1000 Hz (PL3516 PowerLab 16/35, ADInstruments Pty 

Ltd. New South Wales, Australia). Measurements were conducted with participants seated 

and motionless; they were asked to breathe naturally and avoid talking during recording. 

Following a 2-minute stabilisation period, R-R intervals (between two consecutive R waves) 

were recorded for 10 minutes. Computation of frequency-domain parameters and R–R 

interval filtering of artefacts/ectopic beats were performed using LabChart Software (v. 

8.1.13, ADInstruments Pty Ltd. New South Wales, Australia). Parameters used included total 

power (TP), HF power (0.15-0.40 Hz), LF power (0.04-0.15 Hz), and LF to HF ratio 

(LF/HF). The power density of LF and HF parameters was calculated and expressed in 

absolute (µs2) and normalised units (nu) to account for total power and very low frequency 

(VLF) band (0.0033–0.04 Hz) using the following equations: “(LF/TP‐VLF) x 100” and 

“(HF/TP‐VLF) x 100”, respectively. HF (nu) was not reported as it can be determined from 

LF (nu) using the equation “(mean (HF nu) =100 – mean (LF nu))”.352 

4.2.2.2 Atopy 

Skin prick tests were conducted using a panel of aeroallergens:486 HDM, tree mix, grass mix, 

cat and dog dander, Alternaria tenuis and Penicillium mix (Stallergenes Greer, Sydney, 

Australia). Atopy was determined by the presence of at least one weal ≥ 3mm.  
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4.2.2.3 Spirometry and FeNO 

Spirometry and FeNO were measured using an Easyone spirometer (NDD Medizintechnik 

AG, Zurich, Switzerland) and Hypair FeNO analyser (Medisoft, Sorinnes, Belgium) as 

described previously.22,486 

4.2.2.4 Combined hypertonic saline challenge and sputum induction 

Combined hypertonic saline challenge/sputum induction was conducted as described 

previously.488 Aerosolised hypertonic saline (4.5%w/v) was produced using an ultrasonic 

nebuliser (DeVilbiss Ultraneb 2000, Langen, Germany) and administered orally through a 

mouthpiece (Hans-Rudolph Inc, Kansas City, USA) for increasing intervals from 0.5-4 

minutes to a total of 16 minutes. Spirometry was conducted between intervals, and 

salbutamol was administered if FEV1 dropped to ≤75%-predicted. Participants were 

subsequently encouraged to produce sputum into a sterile plastic container. The resulting cell 

suspension was used to prepare cytospin slides stained using a Diff-Quik® fixative and stain 

set (Dade Behring, Deerfield, IL). Using light microscopy, EA was identified as ≥2.5% 

eosinophils and NEA as <2.5% eosinophils. AHR was defined as a reduction of ≥15% in 

FEV1 from baseline.488 

4.2.2.5 Blood eosinophils 

Blood was collected using BD-vacutainers (BD, Auckland, New Zealand) and a complete 

blood count was obtained. 
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4.2.3 Statistical analysis 

Data analyses were performed using STATA version 11.0 (STATA Corp, College Station, 

TX, USA) and Prism 5 (Graphpad Software Inc, La Jolla, CA, USA). Data are expressed as 

mean/standard deviation (SD), median/IQR, or frequency (percentage) as appropriate. Mann-

Whitney U tests or unpaired t-tests were used as appropriate to assess differences between 

groups. Chi-square tests were used to assess differences between groups for dichotomous 

data. Comparisons were made between people with and without asthma, and those with EA 

and NEA. Absolute and normalised HRV indices were used as the primary outcome 

variables. 

Linear regression analyses (either unadjusted or adjusted for age, sex and ethnicity) were 

used to assess associations between demographic/clinical factors and normalised LF (nu), 

LF/HF ratio and LF (µs2) and HF (µs2) in asthma. Prior to regression, LF (µs2) and HF (µs2) 

values were log-transformed as data were not normally distributed. Regression outcomes 

were reported as regression coefficient for (non-log-transformed) LF (nu) and LF/HF ratio 

data, and a relative difference (i.e. ratios per unit increase for continuous variables; compared 

to reference for categorical variables) for (log-transformed) LF (µs2) and HF (µs2) data. To 

assess the robustness of our findings, which relied on an asthma definition solely based on 

symptoms, we conducted sensitivity analyses including only asthmatics who also had AHR. 

Further stratified analyses were also conducted as appropriate. 
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4.3 Results 

4.3.1 Population characteristics 

Three people with and nine without asthma were excluded due to either poor quality or no 

sputum sample; 93 participants with asthma and 63 without asthma were therefore included 

in analyses. Participants with asthma were slightly younger than those without asthma but 

there were no differences in sex, ethnicity, or lung function (Table 4.1). As expected, atopy 

and AHR were more prevalent, and sputum eosinophil percentages higher, in asthma. Among 

those with asthma, 18% were classified as uncontrolled, 30% as partially controlled and 52% 

as well-controlled. Of the asthmatics, 68 were using β-agonists, with 17 taking both short and 

long acting β-agonists, 7 were exclusively using long acting β-agonists, and 44 were 

exclusively using short acting β-agonists. 
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Table 4.1. Population characteristics 

T-test or Mann-Whitney test and Chi-square tests were used. Data are presented as mean (SD), or number 

(percentages) as appropriate. * P<0.05; ** P<0.01 asthmatics versus the reference population, † P<0.05; †† 

P<0.01 non-eosinophilic versus eosinophilic asthmatics. 
a Positive SPT against one or more common allergens. 
b ≥15% drop in FEV1 from baseline following hypertonic saline challenge. 

SPT, skin prick test, FENO, Fractional exhaled nitric oxide, ICS, inhaled corticosteroid includes monotherapy 

and combination therapy in the last 12 months.  

Eosinophilic asthma defined as ≥2.5% sputum eosinophils. 

  

 Non-asthma 

(N=63) 

Asthma  

(N=93) 

Eosinophilic asthma 

(N=41) 

Non-eosinophilic 

asthma (N=52) 

Age       20.2 (1.1) 18.1 (2.0) ** 17.9 (2.0) 18.4 (2.0) 

Males- n (%) 23 (37%) 43 (46.2%) 21 (51.0 %) 22 (42.0 %) 

Height (cm) 170.1 (9.2) 169.0 (9.0) 169.0 (9.0) 169.0 (9.0) 

Weight (Kg) 66.3 (14.8) 66.6 (16.2) 64.9 (16.3) 68.1 (16.1) 

Ethnicity   
  

European- n (%) 57 (90.5%) 70 (75.3%) 31 (75.6%) 39 (75.0%) 

Non-European- n (%) 6 (9.5 %) 23 (24.7%) 10 (24.4%) 13 (25.0%) 

Airway hyperreactivityb- n (%) 3 (4.7 %) 40 (43.0 %) ** 22 (54.0 %) †† 18 (35.0 %) 

FEV1% predicted 101.27 (12.0) 99.5 (14.4) 97.3 (14.3) 101.2 (14.4) 

FVC% predicted 100.4 (9.9) 102.3 (12.9) 101.1 (13.0) 103.2 (13.0) 

FEV1/FVC% predicted 100.8 (7.8) 97.1 (8.0) 95.9 (7.4) 98.0 (8.1) 

ACQ7 score  1.0 (0 .68) 1.3 (0.7) †† 0.8 (0 .6) 

FeNO (ppb) 28.2 (19.4) 63.0 (69.3) ** 92.3 (76.4) †† 39.9 (53.4) 

Atopya- n (%) 24 (38.1%) 77 (83.0%) ** 37 (90.2%) 40 (77.0%) 

β-agonist use last 12 months n (%)  68 (73.1%) 36 (88.0%) †† 32 (61.5%) 

β-agonist use last 7 days n (%)  49 (53.0%) 28 (68.3%) 21 (40.4%) 

ICS use n (%)  44 (47.0%) 22 (53.6%) 22 (42.3%) 

Sputum eosinophils % 0.0 (0.0-0.0) 2.0 (0.0-8.0) ** 9.2 (5.0-18.0) †† 0.0 (0.0-1.0) 

Sputum neutrophils % 20.0 (7.3-35.0) 11.1 (5.0-21.4) ** 8.2 (5.0-19.6) 12.6 (5.0-25.6) 

Blood eosinophils (mm3) 100 (100-200) 400 (200-600) ** 500 (400-800) †† 250 (100-500) 
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4.3.2 Inflammatory phenotypes 

Forty-four percent (n=41) of participants with asthma were classified as having EA and 56% 

(n=52) as NEA. Compared to NEA, those with EA were more likely to be atopic, have AHR, 

and have higher FeNO and ACQ7 scores (Table 4.1). Neutrophilic or mixed granulocytic 

asthma20 were not detected, and sputum neutrophil levels were higher in people without 

asthma compared to those with asthma. 

4.3.3 HRV parameters and inflammation 

There were no differences in absolute or normalised HRV parameters between participants 

with and without asthma, or between those with EA and NEA (Table 4.2). Results remained 

similar when analyses were restricted to asthmatics with AHR (supplementary Table S4.1). 

There were also no significant associations observed between HRV parameters and 

inflammatory markers including sputum eosinophils and neutrophils, blood eosinophils, 

FeNO, or atopy in linear regression analyses, either unadjusted (Supplementary Table S4.2) 

or adjusted for age, sex and ethnicity (Table 4.3). 

Table 4.2. HRV parameters 

T-test or Mann-Whitney test were used. Data are presented as median (IQR), or percentages, as appropriate.

  

Non-asthma 

(N=63) 

Asthma 

(N=93) 

Eosinophilic 

asthma (N=41) 

Non-eosinophilic 

asthma (N=52) 

Total power (TP) 4554 (2845-8455) 4635 (2337-8380) 4635 (2242-10100) 4558 (2490.5-7053.5) 

Low Frequency (µs2) 1389 (877.8-2347) 1364 (729.7-2723) 1386 (738.2-3322) 1324.5 (690.3-2495.5) 

High Frequency (µs2) 1008 (468.8-2704) 1097 (509.2-2242) 1067 (408.8-2922) 1142 (527.1-1837) 

LF (nu) 60.28 % (44.01-67.90) 54.10 % (43.70-66.86) 58.40 % (47.80-68.80) 53.30 (43.60-64.10) 

LF/HF % ratio 1.51 (0.78-2.12) 1.20 (0.77-2.02) 1.41 (0.91-2.21) 1.14 (0.77-1.80) 
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4.3.4 HRV parameters and clinical characteristics 

No associations were observed between lung function parameters and HRV indices, in either 

unadjusted (Supplementary Table S4.2) or adjusted (Table 4.3) regression analyses. 

However, participants with AHR had higher LF (nu) (median 63.7, IQR 48.4-71.0 vs 53.2, 

43.3-65.5; Regression Coefficient 9.8, 95% CI 3.7-16.0; p<0.05)) and LF/HF ratio (1.8, 0.9-

2.4 vs 1.1, 0.7-1.9; ratio 0.7, 0.1-1.2; p<0.05) compared to those without AHR, and 

asthmatics who used β-agonists had higher LF (µs2) (1611.0, 892.0-3036.0 vs 753.7, 565.2-

1592.0; ratio=1.9, 95% CI 1.3-2.7; p<0.05) compared to those who did not (Table 4.3). 

Borderline significant (p<0.1) positive associations were found between absolute LF (µs2) 

and β-agonist use in the last 7 days (ratio=1.39, 95% CI 0.9-2.0) or ACQ7 score (ratio=1.31, 

95% CI 0.8-2.2; Table 4.3). No association was found with ICS use and as none of the 

participants used IB, the association between IB use and HRV could not be assessed. 

As β-agonist use and AHR were each associated with HRV parameters, we attempted to 

further clarify the nature of these associations by comparing HRV data in asthmatics with: 

AHR and β-agonist use (Group A; n=33); AHR and no β-agonist use (Group B; n=7); no 

AHR and β-agonist use (Group C; n=35); and no AHR and no β-agonist use (Group D; 

n=18). Group A had higher normalised LF (nu) and LF/HF ratio compared to groups C and D 

(i.e. those without AHR; Figure 4.1A and 4.1B). Groups A and C had higher absolute LF 

(µs2) compared to group D (Figure 4.1C). No differences in absolute HF (µs2) were observed 

across groups (Figure 4.1D). As β-agonist use has been shown to have a short-term effect on 

HRV parameters,500 we repeated analyses using β-agonist use in the last 7 days; this showed 

similar results (Supplementary Figure S4.1).
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Table 4.3. Association of HRV parameters with clinical characteristics in asthmatics (adjusted for age, sex and ethnicity). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as regression coefficient and 95% confidence limit for LF (nu) and LF/HF ratio and as ratios (per unit increase in case of continuous variables and compared to 

the reference category in case of categorical variables (yes/no)) for log transformed LF (µs2) and HF (µs2). † P<0.1, * P<0.05; ** P<0.01 
a β-agonist use in the last 12 months 
b β-agonist use in the last 7 days 

  LF (nu) LF/HF ratio  Log LF (µs2) Log HF (µs2) 

 Regression coefficient [95% CI] Relative difference, or ratio [95% CI] 

Atopy (n=77, yes vs no) 0.913 [-8.014,9.836] -0.120 [-0.898,0.657] 0.835 [0.507,1.378] 0.815 [0.418,1.59] 

AHR (n=40, yes vs no) 9.849 [3.688,16.010] ** 0.660 [0.110,1.209] * 1.211 [0.842,1.741] 0.79 [0.485,1.286] 

β-agonist usea (n=68, yes vs no) 1.552 [-5.712,8.815] 0.266 [-0.365,0.897] 1.863 [1.264,2.734] ** 1.714 [1.005,2.922]  

β-agonist useb (n=49, yes vs no) 1.031 [-5.475,7.538] 0.120 [-0.446,0.687] 1.398 [0.976,2.001] † 1.331 [0.820,2.160] 

ICS use (n=44, yes vs no) 1.276 [6.869,9.420] 0.039 [-0.670,0.750] 0.997 [0.632,1.572] 0.935 [0.508,1.719] 

FeNO (ppb) 0.017 [-0.029,0.063] -0.000 [-0.004,0.004] 1.00 [0.9975,1.003] 1.00 [0.997,1.003] 

FEV1% pred 0.088 [-0.148,0.324] 0.008 [-0.012,0.029] 0.997 [0.984,1.010] 0.993 [0.98,1.006] 

FVC% pred 0.013 [-0.254,0.279] 0.002 [-0.021,0.025] 1.000 [0.985,1.015] 0.999 [0.981,1.018] 

Sputum eosinophils % -0.014 [-0.319,0.290] -0.004 [-0.031,0.023] 1.011 [0.992,1.029] 1.012 [0.989,1.035] 

Sputum neutrophils % -0.065 [-0.274,0.143] -0.004 [-0.023,0.132] 1.006 [1.001,1.011] 1.003 [1.003,1.016] 

Blood eosinophils % -2.704 [-13.134,7.724] -0.314 [-1.20,0.572] 1.194 [0.626,2.277] 1.361 [0.604,3.069] 

ACQ7 4.147 [-1.499,9.792] 0.145 [-0.296,0.586] 1.305 [0.986,1.727] † 1.159 [0.793,1.693] 
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Figure 4.1. Normalised LF (nu) (A), LF/HF ratio (B), Absolute LF (µs2) (A) and absolute HF (µs2) (B) in 

asthmatics in (Group A) AHR and β-agonist use in the last 12 months; (Group B) AHR and no β-agonist use in 

the last 12 months; (Group C) no AHR and β-agonist use in the last 12 months; and (Group D) no AHR and no 

β-agonist use in the last 12 months. Solid line represents median. Mann-Whitney test was used. * p<0.05  
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4.4 Discussion  

This study found no evidence of an imbalance or difference in ANS activity (as measured by 

HRV analysis) between people with and without asthma or between EA and NEA. However, 

increased absolute and normalised LF (representing increased SNS activity) was found in 

asthmatic participants who used β-agonist medication or had AHR. Differences in autonomic 

activity may therefore be associated with some clinical characteristics (i.e. β-agonist 

treatment and AHR) but appear independent of inflammatory pathology or phenotype. 

Although increased HF (representing PNS predominance) in asthma has been reported,365 we 

found no evidence of autonomic imbalance between people with and without asthma, which 

is consistent with previous findings.370 We also found no significant associations between 

HRV indices and demographic characteristics that have previously been reported, such as 

age,501 gender,358 ethnicity,501 body mass index358 or with baseline FEV1.
365 It is possible that 

this is due to differences in the populations studied. In particular, we recruited young 

participants from the general population with relatively well-controlled asthma, whereas most 

previous studies have assessed either older369 or pre-pubertal populations260 or more severe 

asthma in a tertiary setting.260,364,365 Alternatively, mixed findings between studies may be 

due to methodological differences in HRV measurement (e.g. short-term vs long-term 

measurements), hampering valid comparisons between studies.352 Finally, as speculated (see 

section 5.1), mixed results may be due to the heterogeneity underlying different asthma 

pathologies or inflammatory phenotypes. However, when inflammatory phenotypes were 

considered (to our knowledge this is the first study to do so), we found no association; 

likewise, no associations were found with the inflammatory markers studied. This suggests 

that mixed results are unlikely to be related to asthma phenotypes. It also suggests that, at 

least in younger people with well-controlled asthma, there is no evidence that autonomic 
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regulation, as assessed by using HRV analysis, is associated with airway inflammation. 

However, other neural pathways (not assessed in this study) may still play a role; indeed, we 

have previously shown that heightened sensory nerve reactivity may be involved, particularly 

in NEA.499 

Previous studies have reported that increased HF was associated with poor asthma control365 

or severity.260 In the present study, a borderline significant positive association was found 

between absolute LF and ACQ7. However, when conducting multivariate regression analyses 

adjusting for β-agonist medication, which was associated with both ACQ7 and LF (Table 

4.3), the association with ACQ7 disappeared (data not shown), suggesting that the association 

was confounded by β-agonist use. The observation that β-agonist use was associated with 

higher absolute LF is consistent with two clinical studies showing a shift towards increased 

LF (SNS dominance) following β-agonist administration. In particular, Jartti et al reported 

that salbutamol administration within two hours of,502 or two weeks preceding498 HRV 

analysis was associated with decreased PNS and increased SNS activity in asthma. Although 

the underlying mechanism is not entirely clear, it is possible that β-agonists binding β2-

adrenoceptors in cardiac efferent SNS sites or peripheral vasculature may directly stimulate 

SNS activity.230
 

Relatively few studies are available assessing the association between HRV parameters and 

AHR in asthma, but those that did reported increased PNS activity.371,503 One previous study 

of 53 people with untreated asthma371 found that normalised HF was significantly higher in 

asthmatic subjects with AHR compared to those without, suggesting increased PNS activity. 

In contrast, our data showed a positive association between AHR and normalised LF and 

LF/HF ratio, suggesting increased SNS activity. However, most asthmatic participants with 

AHR in our study were undergoing β-agonist treatment, and it is possible that the effect of 
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the latter (see above) may have masked any associations with AHR. In an attempt to clarify 

this, we conducted a stratified analysis grouping on the basis of β-agonist use and/or AHR in 

asthma. This showed that normalised LF was reduced in those without AHR and absolute LF 

was reduced in subjects who did not use β-agonists. As absolute and normalised LF showed 

contrasting findings, we speculate that the association we observed between normalised LF 

and AHR may possibly be due to the process of data normalisation. Similar discrepancies 

between normalised and absolute HRV indices in asthma have previously been reported.364 

While the present study did not find evidence of autonomic imbalance in asthma (or between 

asthma phenotypes), this may be because HRV analysis is not the most appropriate tool for 

evaluating autonomic airway regulation. Although widely accepted as a surrogate measure of 

autonomic function,504 HRV is at best a proxy, and does not directly evaluate autonomic 

respiratory control.352 Furthermore, it is unclear whether some HRV frequency bands are 

truly representative of distinct ANS components.504 In particular, there has been debate about 

interpretation of the LF component, which is considered by some as solely a marker of 

sympathetic control,505 while others have suggested that it is a marker of both sympathetic 

and parasympathetic control.506 This is in part due to evidence suggesting that absolute LF 

values are determined by baroreflexes mediated by both PNS and SNS; therefore, LF may 

effectively reflect both PNS and SNS activity.365 

Ultimately, the complexity of the ANS is such that there is currently no single “gold 

standard” test to accurately assess respiratory autonomic activity. To avoid further ambiguous 

or equivocal results when attempting to characterise ANS activity in asthma, we suggest that 

using a battery of tests, rather than relying on one single test may provide clearer results. An 

example could be the Ewing test battery; this consists of five tests assessing different aspects 

of ANS control and is often used in the diagnosis of diabetic neuropathy.351 
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This study has some limitations. Firstly, although almost all participants in the asthma group 

reported a doctor’s diagnosis and/or recent symptoms, we did not use objective tests (such as 

BDR or AHR) to confirm diagnosis. It is possible that some misclassification may have 

occurred. However, we consider that any bias introduced as a result will be minimal as this 

approach, also used in many other studies,57,304,496 compares well with clinical diagnoses57 

and has been shown to be better than some objective measures.496 Secondly, as mentioned 

above, those with asthma in the present study were young with well-controlled asthma. It is 

currently unclear how generalisable these findings are to other age groups, or in more severe 

or uncontrolled asthma. Thirdly, this was a cross-sectional study, and therefore only HRV 

data representing a single timepoint are available. While studies in coronary artery disease 

have found that HRV is relatively stable over time,507 it remains unclear if this is the case in 

asthma, which (as discussed above) is highly variable. Fourthly, as our study was conducted 

in a community rather than tertiary setting, we did not ask participants to abstain from LABA 

for long periods of time due to safety concerns. Finally, breathing frequency (which has been 

shown to affect HRV analysis)508 was not recorded in this study. However, to minimise any 

potential effect, participants were advised to breathe normally during HRV measurement. 

In conclusion, our study suggests that autonomic imbalance (as measured using HRV 

analysis) is not associated with pathophysiology or inflammation in asthma, or with any 

inflammatory phenotype, such as NEA, in young people with generally well-controlled 

asthma. However, altered ANS activity can be detected in asthmatic subjects with AHR or 

using β-agonist medication. Further studies using a more comprehensive battery of tests may 

be required to adequately evaluate autonomic activity in asthma. 
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4.5 Supplementary material 

Table S4.1. HRV parameters in non-asthmatics and asthmatics with AHR 

T-test or Mann-Whitney test were used. Data are presented as median (IQR), or percentages, as appropriate. 

 

 

  

Non-asthma 

(N=63) 

Asthma 

(N=40) 

Eosinophilic 

asthma (N=22) 

Non-eosinophilic 

asthma (N=18) 

Total power (TP) 4554 (2845-8455) 4186.5 (2289.5-8376.5) 4064 (2213-9265) 4623.5 (2644-8373) 

Low Frequency (µs2) 1389 (877.8-2347) 1513 (863.3-2688.5) 1478 (738.2-3269) 1669.5 (980.8-2653) 

High Frequency (µs2) 1008 (468.8-2704) 1082 (478.2-2096) 1045 (357.5-2373) 1216.5 (635.4-1686) 

LF (nu) 60.28 % (44.01-67.90) 63.1 % (48.7-70) 61.8 % (48.4-71.4) 64.1 % (54.1-69.3) 

LF/HF % ratio 1.51 (0.78-2.12) 1.7 (0.9-2.3) 1.6 (0.9-2.5) 1.8 (1.2-2.3) 
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Table S4.2. Association of HRV parameters with clinical characteristics in asthmatics (unadjusted). 

  LF (nu) LF/HF ratio  Log LF (µs2) Log HF (µs2) 

 Regression coefficient [95% CI] Relative difference, or ratio [95% CI] 

Atopy (n=77, yes vs no) -1.326 [-9.737,7.084] -0.229 [-0.952,0.494] 0.902 [0.551,1.474] 0.964 [0.505,1.838] 

AHR (n=40, yes vs no) 9.423 [3.316,15.530] ** 0.619 [0.082,1.157] * 1.191 [0.577,1.221] 0.793 [0.487,1.290] 

β-agonist usea (n=68, yes vs no) 2.031 [-5.119,9.182] 0.274 [-0.340,0.889] 1.811 [1.245,2.634] ** 1.637 [0.950,2.807] †  

β-agonist useb (n=49, yes vs no) 1.627 [-4.724,7.979] 0.130 [-0.413,0.681] 1.268 [0.876,1.835] 1.178 [0.723,1.917] 

ICS use (n=44, yes vs no) 0.249 [-7.47,7.979] 0.033 [-0.698,0.633] 0.841 [0.536,1.321] 0.826 [0.459,1.485] 

FeNO (ppb) 0.016 [-0.030,0.062] -0.00007 [-0.004,0.004] 1.001 [0.998,1.003] 1.000 [0.997,1.003] 

FEV1% pred 0.07 [-0.152,0.292] 0.008 [-0.012,0.027] 0.993 [0.981,1.005] 0.989 [0.972,1.005] 

FVC% pred -0.010 [-0.2590,0.238] 0.002 [-0.019,0.023] 0.995 [0.982,1.009] 0.995 [0.978,1.014] 

Sputum eosinophils % -0.040 [-0.346,0.248] -0.005 [-0.031,0.023] 1.012 [0.998,1.025] 1.016 [0.994,1.039] 

Sputum neutrophils % -0.081 [-0.286,0.125] -0.005 [-0.023,0.012] 1.007 [1.002,1.012] 1.011 [1.004,1.018] 

Blood eosinophils % -2.253 [-12.108,7.602] -0.322 [-1.15,0.510] 1.291 [0.693,2.407] 1.445 [0.665,3.141] 

ACQ7 3.424 [-1.323, 8.172] 0.161 [-0.250,0.573] 1.155 [0.877,1.5222] 0.999 [0.693,1.440] 

Data presented as regression coefficient and 95% confidence limit for LF (nu) and LF/HF ratio and as ratios (per unit increase in case of continuous variables and compared to 

the reference category in case of categorical variables (yes/no)) for log transformed LF (µs2) and HF (µs2). † P<0.1, * P<0.05; ** P<0.01 
a β-agonist use in the last 12 months 
b β-agonist use in the last 7 days
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HRV parameters and β-agonist use in the last 7 days in asthmatics. 

 

Figure S4.1. Normalised LF (nu) (A), LF/HF ratio (B), Absolute LF (µs2) (A) and absolute HF (µs2) (B) in 

asthmatics in (Group A) AHR and β-agonist use in the last 7 days; (Group B) AHR and no β-agonist use in the last 7 

days; (Group C) no AHR and β-agonist use in the last 7 days; and (Group D) no AHR and no β-agonist use in the 

last 7 days. Solid line represents median. Mann-Whitney test was used. * p<0.05 

  



 

 

108 

 

 

  



 

 

109 

 

Chapter 5 Sputum inflammatory, neural, and remodelling mediators in 

eosinophilic and non-eosinophilic asthma 

Hajar Ali, Jeroen Douwes, Jeroen Burmanje, Prachee Gokhale, Julian Crane, Philip Pattemore, 

Thorsten Stanley, Jacqueline Keenan, Collin Brooks 

Background: Neural and remodelling mechanisms may play a role in asthma, particularly NEA. 

To assess sputum mediators associated with neural, remodelling, and inflammatory mechanisms 

in EA, NEA, and non-asthmatics. 

Methods: 111 participants with and 62 without asthma (14-21 years) underwent sputum 

induction, FeNO, atopy, and spirometry tests. Twenty-four mediators were measured in sputum 

using ELISA or bead array. EA (n=52) and NEA (n=59) were defined using a sputum eosinophil 

cut-point of ≥2.5%. 

Results: Elevated levels of nociceptin (median: 39.1 vs 22.4 ng/mL, p=0.03), periostin (33.8 vs 

9.4 ng/mL, p=0.01), and ECP; (220.1 vs 83.7 ng/mL, p=0.03) were found in asthmatics 

compared with non-asthmatics. Nociceptin was elevated in EA (54.8 vs 22.4 ng/mL, p=0.02) 

compared with non-asthmatics. EA had higher levels of inflammatory (ECP: 495.5 vs 100.3 

ng/mL, p≤0.01; IL-1β: 285.3 vs 209.3 pg/mL, p=0.03; histamine: 5805.0 vs 3172.5 pg/mL, 

p=<0.01) and remodelling (VEGF-A); 3.3 vs 2.5 ng/mL, p=0.03; periostin: 47.7 vs 22.1 ng/mL, 

p=0.04) mediators than NEA. Whilst macrophages were associated with neural mediators e.g. 

NKA (r=0.27, p=0.01) and nociceptin (r=0.30, p=0.02), granulocytes were associated with 

inflammatory/remodelling mediators; e.g. ECP and VEGF-A correlated with neutrophils (r=0.53 

& r=0.33 respectively, p=<0.01) and eosinophils (r=0.53 & r=0.29 respectively, p≤0.01). 

Conclusion: Elevated levels of nociceptin and inflammatory/remodelling markers were found in 

EA, but no evidence for neural and remodelling pathways was found in NEA. Neural and 

remodelling mechanisms appear to coexist with inflammation. 

 

Annals of allergy, asthma & immunology 2023;130(6):776–783; with minor amendments 
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5.1 Introduction 

Asthma is a heterogenous disease509 involving several clinical phenotypes and 

pathophysiological processes.510 To date, the focus in asthma pathophysiology has largely been 

on TH2-mediated airway inflammation.416 However, studies have found little evidence of airway 

inflammation in approximately 50% of asthma cases,22 and there is increasing recognition that 

alternative pathways including neural mechanisms511 and airway remodelling24 may be 

important. 

Induced sputum is often used to assess airway inflammation,7 allowing the cellular profile-based 

characterisation of inflammatory phenotypes; i.e. EA, NEA,13 or EA, NA, PGA and MGA.20 

Measuring soluble mediators allows further investigation of airway pathophysiology,326 with 

most studies focusing on inflammatory proteins. For example, TH2-associated mediators such as 

ECP512 or EDN513 are increased in EA; conversely, neutrophil-associated mediators such as NE 

and IL-8 are increased in NA.514 

Studies measuring levels of sputum mediators associated with neural mechanisms and 

remodelling are limited, with some evidence of increased levels of tachykinins and neurotrophins 

(e.g. SP, NKA),285,287 BDNF515 and NGF516 during exacerbations or in severe asthma. Similarly, 

increased levels of remodelling mediators such as TGF-β,517 VEGF518 and TIMP-1519 have been 

reported in severe asthma. Although some (such as MMP-9 in NA)520 have been shown to be 

associated with specific phenotypes, it remains unclear whether neural and remodelling 

mediators are associated with specific inflammatory phenotypes or occur in the absence of 

airway inflammation. Furthermore, as most previous studies have been conducted in severe 

asthma, adults, or during exacerbations, little is known about these mediators in young people 

with well-controlled asthma. 
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We hypothesised that neural mechanisms and remodelling may be particularly important in 

NEA, where there is little evidence of airway inflammation.22 The aims of this study were 

therefore to measure sputum levels of mediators associated with airway inflammation, neural 

mechanisms, and remodelling, in young people with and without asthma, and to compare EA 

with NEA. Furthermore, as it is unclear whether neural or remodelling activity is associated with 

inflammation, we also assessed the interrelationships among specific mediators, and between 

mediators and specific sputum inflammatory cell populations. 
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5.2 Methods 

5.2.1 Study population 

Participants (14-21 years), recruited from Wellington or Christchurch, New Zealand (either from 

a birth cohort study484 or through separate community-based recruitment), completed a 

respiratory questionnaire based on the ISAAC Phase II survey.485 Asthma was defined as 

wheezing/whistling in the chest and/or asthma medication-use in the last 12 months. Non‐

asthmatics reported no asthma symptoms, other respiratory conditions, or asthma medication 

use. Informed consent was obtained from participants/parents. The study was approved by the 

Northern B Health and Disability Ethics Committee (15/NTB/2). 

5.2.2 Clinical assessments 

Participants underwent the clinical tests described below. Asthma control was assessed using the 

ACQ7.91 Participants with respiratory infections within 1 month of assessment returned when 

symptom-free, and those with unrelated health conditions, or FEV1 % predicted <75% were 

excluded. Prior to testing, asthma medication and antihistamines were withheld for ≥12 and ≥24 

hours, respectively. 

5.2.2.1 Spirometry and FeNO 

Lung function and FeNO were measured using an Easyone spirometer (NDD Medizintechnik 

AG, Zurich, Switzerland) or Hypair FeNO analyser (Medisoft, Sorinnes, Belgium) respectively, 

as described previously.307,486,521,522 
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5.2.2.2 Atopy 

Skin prick tests were conducted using a panel of aeroallergens as described previously.22 Atopy 

was determined by presence of at least one weal ≥ 3mm after subtraction of the negative control 

(saline). 

5.2.2.3 Combined hypertonic saline challenge and sputum induction 

Hypertonic saline challenge/sputum induction was conducted as described previously.488 

Aerosolised hypertonic saline (4.5% w/v) was produced using an ultrasonic nebuliser (DeVilbiss 

Ultraneb 2000, Langen, Germany) and administered through a mouthpiece (Hans-Rudolph Inc, 

Kansas City, USA) for increasing intervals from 0.5-4 minutes to a total of 16 minutes. The 

procedure was stopped before 16 minutes if FEV1 dropped more than 15% or if FEV1 dropped to 

≤75%-predicted. The minimum total inhalation time was 7 minutes. Spirometry was conducted 

between intervals, and salbutamol administered if FEV1 dropped to ≤75%-predicted. Participants 

were encouraged to produce sputum into a sterile plastic container. Sputum plugs were dispersed 

using DTT (Sputasol, Oxoid Ltd, Basingstoke, Hampshire, England), filtered, and resuspended. 

Following centrifugation, supernatant was aspirated and stored at -80ºC. The cell suspension was 

used to prepare cytospin slides using Diff-Quik® (Dade Behring, Deerfield, IL). A differential 

count of 400 non-squamous cells was made using light microscopy. Samples were considered 

adequate quality if there was <80% squamous cell contamination and >400 non-squamous 

cells.29 EA was identified as ≥2.5% eosinophils; NEA as <2.5% eosinophils. AHR was defined 

as a ≥15% FEV1 drop from baseline.488  
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5.2.2.4 Mediator assessment 

Sputum supernatants were assayed for mediators identified as being primarily involved in either 

inflammatory, neural, or remodelling processes (based on previous studies).509-513 Mediators 

involved in multiple pathways (e.g IL-13) were assigned to a single group based on cellular 

origin/as appropriate, based on previous literature. Twenty-four mediators (8 inflammatory; 7 

neural; 9 remodelling) were measured (Table 5.1). Assays (Table 5.1) were conducted according 

to manufacturer’s instructions using either the Luminex MagPix (Luminex Corp., Texas, USA) 

or Enzyme-Linked Immunosorbent Assay (ELISA) using a TS800 microplate reader (BioTech®, 

VT, USA). To determine DTT effect, initial experiments were conducted spiking standards with 

and without DTT (data not shown); samples were diluted to minimise any DTT effect. Mediator 

concentrations were expressed as pg or ng/mL sputum. 
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Table 5.1. Sputum mediators 

a Procartaplex panel; Invitrogen, CA, USA 
b MBL International, MA, USA 
c Abcam, Cambridge, UK 
d RayBiotech, Norcross, GA, USA 
e Creative Diagnostics, NY, USA 
f  Milliplex panel; Merck Millipore, Darmstadt, Germany 
g CUSABIO, Wuhan, China 

  

Group Mediator 

Limit of 

detection 

(pg/mL) 

Non-asthma 

Frequency 

(%) 

Asthma 

Frequency 

(%) 

EA 

Frequency 

(%) 

NEA 

Frequency 

(%) 

Inflammatory  

Interleukin-1β (IL-1β)a 1.6 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Interleukin-6 (IL-6)a 8.1 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Interleukin-8 (IL-8)a 2.3 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Interleukin-13 (IL-13)a  2.7 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Neutrophil elastase (NE)a 6.2 35/35 (100) 61/61 (100) 33/33 (100) 28/28 (100) 

Interferon y (IFN-γ)a 14 1/35 (3) 3/61 (5) 0/33 (0) 3/28 (11) 

Eosinophil Cationic Protein 

(ECP)b 125 34/34 (100) 57/57 (100) 31/31 (100) 26/26 (100) 

Histaminec 30 28/35 (80) 55/61 (90.2) 33/33 (100) 22/28 (77) 

Neural  

Acetylcholinec  3.0 35/35 (100) 61/61 (100) 33/33 (100) 28/28 (100) 

Neurokinin-A (NKA)d  0.1 100/103 (97) 48/50 (96) 48/49 (98) 52/54 (96) 

Substance Pc  8.0 9/39 (23.1) 25/84 (30) 9/37 (24.3) 16/47 (34) 

Calcitonin gene related protein 

(CGRP)e 12.4 22/32 (69) 34/63 (54) 17/33 (52) 17/30 (57) 

Nociceptine 180 35/35 (100) 61/61 (100) 33/33 (100) 28/28 (100) 

Nerve growth factor-β (NGF-β)a 7.4 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Brain-derived neurotrophic 

factor (BDNF)a 1.7 3/58 (5.2) 2/106 (2.0) 0/50 (0) 2/56 (3.6) 

Remodelling  

Angiopoietina 32.0 2/58 (3.4) 2/106 (2.0) 1/50 (2.0) 1/56 (1.7) 

Matrix metalloproteinase-1 

(MMP-1)a 8.5 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Matrix metalloproteinase-9 

(MMP-9)a  
0.9 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Tissue inhibitor of 

metalloproteinase-1 (TIMP-1)a 44.0 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Vascular endothelial growth 

factor (VEGF-A)a 
5.4 58/58 (100) 106/106 (100) 50/50 (100) 56/56 (100) 

Osteopontina 12.0 1/58 (2) 3/106 (3) 3/50 (6) 0/56 (0) 

Periostinf  120 32/35 (91.0) 55/61 (90) 30/33 (91) 25/28 (89) 

Transforming growth factor-β 

(TGF-β)f 2.5 13/35 (37) 25/61 (41) 16/33 (49) 9/28 (32) 

Elasting 3.1 35/35 (100) 61/16 (100) 33/33 (100) 28/28 (100) 
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5.2.3 Statistical analysis 

STATA version 11.0 (STATA Corp, College Station, TX, USA) and GraphPad Prism 7.0 

(Graphpad Software Inc, La Jolla, CA, USA) were used. Data were expressed as mean/SD, 

median/IQR, or frequency (percentage) as appropriate. Mann-Whitney U tests, unpaired t-tests, 

or Chi-square tests were used as appropriate to assess differences between groups. Mediator 

concentrations were analysed as continuous data; those below the limit of detection (LOD) were 

assigned a concentration 2/3 of LOD.523 Associations were assessed using Spearman rank-

correlation; correlation n values correspond to Table 5.1 and correlation strength was reported as 

previously.524 To assess the robustness of the asthma definition, and the effect of asthma 

treatment, some analyses were restricted to only asthmatics with AHR, or using ICS/any asthma 

medication in the last 12 months. The use of a more stringent sputum quality criterion (squamous 

contamination of <30% and >400 total non-squamous cells)512 was also assessed. 
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5.3 Results 

5.3.1 Population characteristics 

One hundred-and-thirty participants with and 79 without asthma underwent assessments. Of 

these, 19 participants with and 17 without asthma were excluded due to poor quality/no sputum 

sample, leaving 111 asthmatic and 62 non-asthmatic participants (Table 5.2). Due to limited 

supernatant volume availability, some mediators were not measured in all participants (Table 

5.1). Asthmatic participants were younger and had increased prevalence of atopy and AHR 

compared with non-asthmatics (p<0.05; Table 5.2). Forty six percent (n=52) of asthmatics were 

classified as EA and 53% (n=59) NEA. EA was associated with increased FeNO and AHR, and 

higher ACQ7 scores (all p<0.05) compared with NEA. No participants had NA or MGA,20 and 

sputum neutrophil levels were not significantly different between EA and NEA (Table 5.2). 
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Table 5.2. Population characteristics 

Data presented as means (SD), median (IQR) or frequency (%). Mann-Whitney tests/Chi-square tests used as 

appropriate. * P<0.05; ** P<0.01 participants with versus without asthma and non-eosinophilic versus eosinophilic 

asthma. SPT, skin prick test; FeNO, Fractional exhaled nitric oxide; ICS, inhaled corticosteroid; TCC/mL= total non-

squamous cells per mL sputum x106 

5.3.2 Detectability of mediators 

The majority of mediators were above the LOD (Table 5.1). However, TGF-β and SP were 

detected in 28% and 40% of samples, respectively, while BDNF, angiopoietin, osteopontin, and 

IFN-γ were detectable in <5% of the samples (Table 5.1). Of these, there were no significant 

differences in detection frequency between asthma and non-asthma, and EA and NEA (Table 

5.1). Mediators detectable in <5% of samples were excluded from subsequent analyses. 

 

  
Non-asthma 

(N=62) 

Asthma 

(N=111) 

Eosinophilic 

asthma (N=52) 

Non-eosinophilic 

asthma (N=59) 

Age       21.8 (1.2) 19.8 (1.8) ** 19.6 (1.7) 20 (1.8) 

Males- n (%) 23 (37.1%) 49 (44.1%) 25 (48.1 %) 24 (41.0 %) 

Height (cm) 170.1 (9.9) 169.0 (8.6) 169.2 (8.8) 169.0 (8.5) 

Weight (Kg) 66.0 (14.8) 67.4 (16.1) 67.3 (16.9) 67.6 (15.4) 

Ethnicity   
  

European- n (%) 55 (89.0%) 90 (81.1%) 42 (81.0%) 48 (81.4%) 

Non-European- n (%) 7 (11.0) %) 21 (18.9%) 10 (19.0 %) 11 (18.6%) 

FEV1% predicted 102.2 (12.0) 99.5 (14.4) 97.3 (14.3) 101.2 (14.4) 

FVC% predicted 100.4 (9.9) 102.3 (12.9) 101.1 (13.0) 103.2 (13.0) 

FEV1/FVC% predicted 101.4 (7.6) 97.1 (8.0) 95.9 (7.4) 98.0 (8.1) 

No asthma medication- n (%)  27 (24.3%) 7 (13.5%) 20 (34.0%) 

β-agonist use- n (%)  82 (74.0%) 44 (85.0%) 38 (64.4%) * 

ICS use- n (%)  52 (47.0%) 27 (52.0%) 25 (42.4%) 

ACQ7 score  1.0 (0 .7) 1.1 (0.8) 0.8 (0 .6) ** 

Airway hyperreactivity- n (%) 4 (6.4 %) 44 (39.0 %) ** 25 (48.1%) 19 (32.2%) 

FeNO (ppb) 32.3 (31.1) 61.2 (69.0) ** 86.3 (78.0) 39.0 (51.5) ** 

Atopy- n (%) 26 (43.0%) 92 (83.0%) ** 45 (86.5%) 47 (80.0%) 

TCC/mL x 106 2.5 (1.6-4.2) 1.4 (0.5-3.0) ** 2.0 (0.5-3.7) 1.3 (0.5-3.0) 

Sputum eosinophils % 0 (0-0) 2.2 (0-7.6) 8.2 (4.6-15.5) 0 (0-1.2) ** 

Total sputum eosinophils x104 mL 0.0 (00.00) 2.0 (0-11.0) ** 12.3 (0.05-27.3) 0.0 (0.0-1.3) ** 

Sputum neutrophils % 20.0 (6.5-35.0) 9.0 (4.3-20.3) 8.3 (4.7-20.3) 9.4 (4.0-20.3) 

Total sputum neutrophils x104 mL 37.2 (12.0-122.0) 9.3 (2.1-40.0) ** 10.0 (4.0-40.2) 8.2 (1.4-40.0) 

Sputum macrophages % 79.1 (64.0-92.0) 83.0 (68.1-91.3) 78.0 (60.0-86.0) 87.5 (78.3-94.3) 

Total sputum macrophages x104 mL 202.2 (123.4-268.1) 96.4 (33.0-240.1) * 105 (33.0-252.0) 86.0 (43.0-233.2) 

Sputum lymphocytes % 0.3 (0.0-0.8) 0.0 (0.0-0.7)  0.1 (0.0-0.7) 0.0 (0.0-0.5) 

Total sputum lymphocytes x104 mL 0.5 (0-1.6) 0.0 (0.0-1.0) * 0.0 (0.0-1.2) 0.0 (0.0-0.6) 

Sputum epithelial cells % 0.0 (0.0-0.3) 0.0 (0.0-0.5) 0.0 (0.0-0.3) 0.0 (0.0-0.7) 

Total sputum epithelial cells x104 mL 0.0 (0.0-0.2) 0.0 (0.0-0.3) 0.0 (0.0-0.2) 0.0 (0.0-0.4) 
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5.3.3 Mediator levels 

Levels of inflammatory mediators were generally comparable between asthma and non-asthma, 

except for increased ECP (median: 220.1 ng/mL, IQR: 83.7-839.4 vs 104.5 ng/mL, 44.3-253.8; 

p<0.05), and reduced IL-6 in asthma versus non-asthma (223 pg/mL, 112.1-598.0 vs 333.9 

pg/mL, 189.9-790.2; p< 0.05; Table 5.3). Inflammatory mediator levels were also comparable 

between EA and NEA. However, ECP (495.9 ng/mL, 167.7-1232.1 vs 100.3 ng/mL, 49.1-250.4), 

histamine (5805 pg/mL, 4005-8235 vs 3172.5 pg/mL, 1327.5-4626), and IL-1β (285.3 pg/mL; 

194.2-538.7 vs 209.3 pg/mL, 102.2-433.1; all p< 0.05) were elevated in EA (Table 5.3). 

Of the neural mediators, no differences were observed between asthma and non-asthma, or EA 

and NEA, except for nociceptin, which was increased in asthmatics (39.1 ng/mL, 16.1-96.8 vs 

22.4 ng/mL, 12.6-41.4), and in EA compared with non-asthmatics (54.8 ng/mL, 16.8-129.3 vs 

22.4 ng/mL, 12.6-41.4); both p<0.05; Figure 5.1). Similarly, there were no significant 

differences in remodelling mediators between asthma/non-asthma, except for periostin, which 

was significantly higher in asthmatics (33.8 ng/mL, 7.7-68.4 vs 9.4 ng/mL, 4.1-34.7 p<0.05; 

Table 5.3). When comparing EA with NEA, higher levels of VEGF-A (3.3 ng/mL, 1.6-5.4; vs 

2.5 ng/mL 0.6-4.2; p<0.05) and periostin (47.7, ng/mL 17.5-97.7 vs 22.1 ng/mL, 5.0-44.3; 

p<0.05; Table 5.3) were detected in EA. 

Using a more stringent sputum quality criterion (Supplementary Table S5.1) or restricting the 

analyses to asthmatics who used ICS (Supplementary Table S5.4), those with AHR 

(Supplementary Table S5.5), or those using asthma medication in the last 12 months showed 

comparable results (data not shown). However, due to smaller group numbers, some results were 

no longer statistically significant. 
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Table 5.3. Mediator levels 

All units are pg/mL except α denoting ng/mL, data are presented as median (IQR). Mann-Whitney tests were used. * 

P<0.05; ** P<0.01 participants with versus without asthma, and non-eosinophilic versus eosinophilic asthma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Nociceptin levels (ng/mL) in participants with and without asthma, and non-eosinophilic and 

eosinophilic asthma.Mann-Whitney test was used. * p<0.05. Median data values are expressed at the top of each 

group.

  Non-asthma Asthma Eosinophilic asthma Non-eosinophilic asthma 

IL-1β   254 (150.3-765.2) 242.6 (151-469.8) 285.3 (194.2-538.7) 209.3 (102.2-433.1) * 

IL-6   333.9 (189.9-790.2) 223 (112.1-598) * 273.8 (122.2-598) 183.1 (75.4-580.5) 

2842.8 (1498.3-4446.7)  

30.1 (18.9-42.3) 

100.3 (49.1-250.4) * 

3172.5 (1327.5-4626) ** 

21.5 (13.5-60.5) 

2389.4 (2083.9-2575.6) 

118.9 (53.8-276.6) 

457 (262-4421.3) 

27.8 (15.8-77.4) 

91.8 (26.5-281.8) 

21.3 (21.3-56.0) 

0.1 (0-0.1) 

4.1 (2.6-10.4) 

286.8 (106-615.4) 

2.5 (0.6-4.2) * 

9.6 (6.1-22.1) 

22.1 (5-44.3) * 

45.3 (45.3-116.1) 

IL-8   3631.3 (2281.1-7229.3) 3295.1 (1708.9-5311.8) 3995.6 (2376-5631.5) 

IL-13   22.9 (16.6-40.5) 30.1 (18.9-46.8) 29.3 (20.5-54.5)  

ECP α   104.5 (44.3-253.8) 220.1 (83.7-839.4) * 495.9 (167.7-1232.1) 

Histamine   4140 (810-7200) 4320 (2790-6975) 5805 (4005-8235) 

NE α   31.0 (16.0-59.0) 25.0 (15.0-59.0) 33.0 (16.0-58.0) 

Acetylcholine   2248.6 (1983.5-2716.9) 2350.5 (2056.1-2685.4) 2323.7 (2041.7-2878.4) 

NKA   134.2 (52.9-451.4) 113.1 (48.6-332.5) 113.1 (46.9-445.5) 

CGRP   931.2 (262-13830.8) 436.5 (262-7566.3) 395.9 (262-8905) 

Nociceptin α 22.4 (13.0-41.4) 39.1 (16.1-97.0) * 54.8 (16.8-129.3) 

NGF-β   110.0 (32.4-327.6) 91.8 (32.4-324.9) 89.6 (47.3-327.6) 

Substance P 21.3 (21.3-21.3) 21.3 (21.3-37.2) 21.3 (21.3-21.3) 

MMP-1α   0.1 (0-0.2) 0.1 (0-0.2) 0.1 (0-0.2) 

MMP-9α   7.4 (2.7-15.1) 4.8 (2.9-9.9) 5.6 (3.5-9.3) 

TIMP-1α  392.2 (201.5-826.1) 363.8 (129.2-665.1) 460.6 (138.4-687) 

VEGF-Aα   2.9 (1.6-5.2) 2.9 (1.2-5.2) 3.3 (1.6-5.4) 

Elastinα   13.5 (7.7-21.5) 14.6 (6.9-23.1) 15.7 (9.2-24.5) 

Periostinα   9.4 (4.1-34.7) 33.8 (7.7-68.4) ** 47.7 (17.5-97.7) 

TGF-β 45.3 (45.3-215.1) 45.3 (45.3-136.8) 45.3 (45.3-180.5) 
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5.3.4 Correlations between mediators and sputum cells 

Correlations between mediators and sputum inflammatory cells in asthmatics are shown in 

Table 4. Overall, we observed many significant positive correlations (r=0.2-0.6; p=0.01-0.05) 

between a range of mediators and macrophages, neutrophils, and eosinophils. In asthma, 

macrophages were significantly correlated with 13/20 (65%), and neutrophils and eosinophils 

were each significantly correlated with 12/20 (60%) of mediators (Table 5.4). Significant 

correlations were predominantly found with inflammatory and remodelling mediators, rather 

than neural mediators. Some of these correlations were moderately strong (r≥0.5): e.g. 

between ECP and neutrophils (r=0.53, p<0.05) and eosinophils (r=0.53, p<0.05), and elastin 

and macrophages (r=0.50, p<0.05). While there was little evidence of correlation between 

neutrophils and eosinophils and neural mediators, macrophages were significantly (p<0.05) 

correlated with 3/6 (50%) of neural mediators; in particular, NKA (r=0.27), nociceptin 

(r=0.30), and NGF-β (r=0.19). Similar patterns were observed in non-asthmatics 

(Supplementary Table S5.2) and when asthma was stratified into EA/NEA (Table 5.4).
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Table 5.4. Correlations between mediators and sputum leukocyte populations 

All units are pg/mL except α denoting ng/mL. Data are presented as Spearman’s correlation coefficient. * P<0.05; ** P<0.01.

 Total Macrophages Total Epithelial cells Total Lymphocytes Total Neutrophils Total Eosinophils 
 Asthma EA NEA Asthma EA NEA Asthma EA NEA Asthma EA NEA Asthma EA NEA 

Correlation coefficient (r) 

IL-1β   0.24* 0.22 0.25* 0.01 -0.05 0.07 0.11 0.01 0.17 0.25** 0.23 0.26* 0.25* 0.16 0.13 

IL-6   0.40** 0.35* 0.41** -0.04 0.14 0.05 0.08 -0.02 0.16 0.37** 0.33** 0.39** 0.33* 0.46** 0.32* 

IL-8   0.48** 0.43** 0.53** 0.03 0.01 0.06 0.17 0.09 0.24 0.44** 0.38** 0.49** 0.34** 0.43** 0.23 

IL-13   -0.04 0.04 -0.12 -0.09 0.00 -0.18 -0.05 0.02 -0.12 0.04 0.19 -0.09 0.11 0.12 0.10 

ECPα   0.36** 0.36** 0.26 0.12 -0.25 0.01 0.04 0.00 0.18 0.53** 0.51** 0.55** 0.53** 0.56** 0.02 

Histamine   -0.10 -0.13 0.30 -0.23 -0.08 -0.36 -0.15 0.10 -0.37* 0.03 0.03 -0.07 0.45** 0.08 0.23 

NEα   -0.07 -0.13 -0.05 0.26* 0.34 0.26 0.35** 0.34** 0.32* -0.11 -0.17 -0.09 -0.04 -0.02 -0.42* 

Acetylcholine   -0.02 -0.29 0.28 -0.04 -0.06 -0.05 -0.15 0.13 0.02 -0.05  -0.34* 0.29 -0.09 -0.28 0.01 

NKA   0.27** 0.33* 0.18 0.07 0.08 0.09 0.01 -0.02 0.05 0.10 0.07 0.15 0.12 0.25 0.11 

CGRP   -0.10 -0.12 -0.05 -0.11 -0.03 -0.24 -0.10 -0.19 0.01 -0.19 -0.21 -0.11 -0.09 -0.22 0.10 

Nociceptinα   0.30* 0.40* 0.16 0.02 -0.03 0.11 0.08 0.03 0.13 0.33** 0.47** 0.20 0.23 0.41* -0.19 

NGF-β   0.20* 0.32* 0.07 -0.09 -0.09 -0.07 0.15 0.11 0.18 0.18 0.28 0.10 0.18 0.44* -0.01 

Substance P -0.14 -0.14 -0.13 0.06 -0.05 0.13 -0.01 0.22 -0.15 -0.02 0.13 -0.10 0.23* -0.04 -0.33* 

MMP-1α   0.38* 0.23 0.50** -0.05 -0.22 0.10 0.10 0.11 0.11 0.33** 0.23 0.39** 0.23* 0.26 0.22 

MMP-9α   0.41* 0.34* 0.44** 0.01 0.14 -0.07 0.15 -0.02 0.26 0.32** 0.42** 0.38** 0.20* 0.09 0.17 

TIMP-1α  0.44** 0.29* 0.56** -0.16 -0.24 -0.08 0.15 0.12 0.21 0.44** 0.32* 0.52**  0.35** 0.52** 0.22 

VEGF-Aα   0.38** 0.22 0.47** -0.07 -0.17 0.02 0.12 0.08 0.16 0.33** 0.22 0.38** 0.29** 0.31* 0.17 

Elastinα   0.50** 0.55** 0.41* -0.02 -0.15 0.22 -0.07 -0.19 0.16 0.46** 0.39* 0.54** 0.26* 0.41** 0.02 

Periostinα  0.42** 0.34* 0.52** 0.14 -0.03 0.36* 0.01 -0.01 0.15 0.32* 0.24* 0.47* 0.38* 0.36** 0.14 

TGF-β 0.02 -0.14 0.21 -0.09 -0.09 -0.09 0.19 0.24 0.16 0.283* 0.31 0.28 0.20 0.16 0.14 
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5.3.5 Correlations between mediators 

Of all correlations between individual mediators in asthmatics (Table 5.5), 35% (73/210) 

reached statistical significance. The strongest correlations were observed between IL-8 and 

IL-1β (r=0.70, p<0.05) and IL-8 and MMP-9 (r=0.63, p<0.05), with moderate correlations 

observed between remodelling mediators or between remodelling and inflammatory 

mediators; e.g. IL-8 correlated with TIMP-1 and VEGF-A (r=0.61 and r=0.55, respectively; 

both p<0.05) and ECP correlated with elastin and periostin (r=0.60 and r=0.58, respectively; 

both p<0.05). Correlations between neural mediators were generally weaker, and there were 

no moderate correlations between neural mediators and other mediators, except for 

nociceptin, which was associated with ECP and periostin (r=0.54 and r=0.52, respectively; 

both p<0.05). Similar patterns were observed when asthma was stratified into EA/NEA 

(Supplementary Table S5.3).
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Table 5.5 Correlations between mediators in participants with asthma 

 

All units are pg/mL except α denoting ng/mL. Data are presented as Spearman’s correlation coefficient. * P<0.05.

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 Correlation coefficient (r) 

1. IL-1β  1 
                  

 

2. IL-6  0.54* 1                   

3. IL-8  0.70* 0.52* 1                  

4. IL-13  0.41* 0.23* 0.16 1                 

5. ECPα  0.14 0.32* 0.32* -0.16 1                

6. Histamine 0.06 0.03 0.22 0.07 0.28* 1.00               

7. NEα -0.11 -0.09 -0.14 -0.29* 0.01 -0.21 1              

8.Acetylcholine  -0.05 -0.14 0.09 -0.14 -0.01 0.14 0.06 1             

9. NKA  0.08 0.28* 0.24* -0.37* 0.04 0.11 0.10 0.04 1            

10. CGRP  0.25* -0.17 0.09 0.40* -0.18 0.13 -0.19 -0.13 -0.37* 1           

11.Nociceptinα  -0.14 0.26* 0.07 -0.18 0.54* 0.21 0.05 0.01 0.46* -0.42* 1          

12. NGF-β 0.37* 0.47* 0.26* 0.41* 0.04 -0.19 0.03 -0.27* -0.02 0.17 0.09 1         

13. Substance P -0.20 -0.35* -0.20 0.12 0.07 -0.01 0.01 0.2 -0.38* -0.01 -0.09 -0.29* 1        

14. MMP-1α 0.45* 0.64* 0.53* -0.02 0.38* -0.12 -0.11 -0.14 0.28* -0.24 0.34* 0.14 -0.29* 1       

15. MMP-9α 0.54* 0.17 0.63* 0.15 0.2 0.11 -0.08 0.03 0.12 0.29* -0.02 0.07 -0.16 0.33* 1      

16. TIMP-1α   0.46* 0.52* 0.61* 0.11 0.30* -0.17 -0.10 -0.08 0.09 0.03 0.14 0.32* -0.17 0.57* 0.46* 1     

17. VEGF-Aα    0.35* 0.55* 0.55* -0.08 0.27* -0.02 -0.07 -0.15 0.27* -0.17 0.27* 0.10 -0.39* 0.69* 0.39* 0.65* 1    

18. Elastinα 0.10 0.38* 0.36* -0.31* 0.60* 0.16 -0.06 -0.02 0.32* -0.24 0.46* 0.06 -0.14 0.50* 0.18 0.30* 0.41* 1   

19. Periostinα -0.04 0.23 0.29* -0.23 0.58* 0.32* 0.07 -0.10 0.40* -0.16 0.52* 0.05 -0.16 0.35* 0.23 0.19 0.30* 0.60* 1  

20. TGF-β 0.08 0.15 0.18 -0.01 0.17 0.21 -0.14 -0.01 0.02 -0.17 0.33* 0.09 -0.23 0.05 0.19 0.15 0.21 -0.13 0.0 1 
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5.4 Discussion 

In this study we found increased airway levels of nociceptin, periostin, and ECP in asthma, 

and IL-1β, histamine, periostin, VEGF-A, and ECP in EA compared with NEA. Levels of all 

other inflammatory, neural, and remodelling mediators did not differ between asthmatic and 

non-asthmatic participants, or between EA and NEA. We found no evidence that neural or 

remodelling mediators were increased in NEA. However, many significant associations were 

observed between mediators representing inflammatory, neural, and remodelling pathways 

and between airway inflammatory cells and neural/remodelling mediators, suggesting that 

neural and remodelling processes are likely to occur alongside, rather than in the absence of 

inflammation. 

Intriguingly, despite similar levels of most neural mediators between asthmatics and non-

asthmatics, levels of nociceptin were elevated in asthma. Significantly higher levels of 

nociceptin were also found in EA compared with non-asthmatics (Figure 5.1; p<0.05). 

Nociceptin is an endogenous opioid-like peptide that acts through the nociceptin receptor.525 

In guinea pigs, administration of exogenous nociceptin inhibits bronchoconstriction526 and 

capsaicin-induced cough;527 however, little is known about its function in humans. Whilst 

there is evidence that nociceptin receptor expression may be altered in asthma,528 to our 

knowledge only one previous study has assessed sputum nociceptin levels in humans. In a 

study of 85 older (>50 years) asthmatics, Singh et al529 found elevated nociceptin levels in 

severe asthmatics compared with non-asthmatics; nociceptin was also positively associated 

with sputum eosinophils but not with lung function. We also found no association between 

nociceptin and lung function, AHR, or clinical parameters in asthmatics (data not shown). 

Taken together, this suggests a role for nociceptin in asthma (particularly EA) in older and 

younger populations, and across the spectrum of asthma severity. We speculate that increased 
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endogenous nociceptin production may ameliorate bronchoconstriction or cough in asthma; 

however, this remains unclear. If confirmed in other studies, the nociceptin/nociceptin 

receptor axis may present a novel therapeutic avenue, as suggested previously.529 

The lack of difference observed with other neural mediators may be because most asthmatics 

had well-controlled asthma and increased neurogenic activity (previously associated with 

severe asthma/exacerbations)285,287,515 may not have been present. This may, in part, reflect 

the transient and highly localised nature of neuropeptide signalling in the airways,530 which 

potentially make it difficult to detect some sputum mediators. Another possibility is that these 

mediators may not play a role in asthma and/or NEA. This does not, however, preclude a role 

for other mediators or neural mechanisms (either not assessed, or unable to be assessed using 

sputum) even in well-controlled asthma. Indeed, using capsaicin challenge testing, we have 

previously shown that heightened sensory nerve reactivity may be important, particularly in 

NEA.499 

Of the remodelling mediators, we found increased periostin and VEGF-A levels in asthma, 

and in EA versus NEA. This is consistent with previous studies showing that periostin is 

associated with TH2-mediated inflammation437 and increased eosinophil 

recruitment/degranulation,531 whilst VEGF-A is associated with eosinophilic inflammation.518 

The lack of difference in other remodelling mediators is likely due to the absence of severe 

asthma or NA in our study. In particular, increased MMP-1, MMP-9, 520 TIMP-1519 and TGF-

β517 were reported in severe asthma, and associated with NA and elevated levels of IL-8.520 

We found no evidence of increased levels of remodelling mediators in NEA, suggesting that 

remodelling may not be important in this group. However, whilst remodelling may not be 

active at the time of assessment, previous infections, or inflammation24 may have resulted in 

remodelling-related abnormalities that may not be detectable using sputum. For example, 
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increased ASM thickness has been reported in PGA in the absence of inflammation226 and 

can currently only be assessed using bronchial biopsies and imaging techniques.340 

Consistent with previous studies,532,533 we found that remodelling mediators correlated with 

inflammatory mediators and inflammatory cell populations (especially macrophages, 

neutrophils, and eosinophils). This supports previous data showing that remodelling and 

inflammation are strongly associated in asthma.24 It also suggests that airway leukocytes, 

such as macrophages and neutrophils (which can produce MMPs, TIMP-1,534 TGF-β,535 both 

in vitro and in vivo), produce these mediators in the airways. Interestingly, we also found that 

macrophages were associated with NKA, nociceptin, and NGF-β, suggesting that they may 

potentially be a source of these mediators, as reported previously.298,536 However, with the 

exception of nociceptin, levels of these mediators were not increased in either phenotype, and 

the association patterns observed between inflammatory cells and mediators did not differ 

between EA and NEA, suggesting that this was not specific to phenotypes. 

Of the inflammatory mediators, we found that ECP was increased in asthma compared with 

non-asthma, and levels of some mediators associated with TH1 and TH2 inflammation 

(including IL-1β, ECP, and histamine) were increased in EA compared with NEA. This is 

consistent with previous studies showing elevated levels of inflammatory markers (TH1 and 

TH2) associated with EA.22,512 Previous studies have suggested that neutrophil-associated 

markers (i.e. IL-8) are increased in NEA, particularly in NA, which has been reported to 

make up 20-30% of NEA.204,460 However, whilst we found increased neutrophils in non-

asthmatics compared with asthmatics (statistically significant only when presented as total 

neutrophil numbers), no evidence of increased neutrophils or neutrophil-associated mediators 

was found in NEA, and no participants were identified as NA. Some other studies have also 

shown higher sputum neutrophil levels in non-asthmatics,22 but results have not always been 
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consistent. The reasons for increased sputum neutrophil levels in non-asthmatics observed in 

this study are unclear. 

There were several limitations. Firstly, 47% of asthmatics were using ICS, which may affect 

sputum cellular composition and mediator profiles.537 However, when restricting analyses to 

those using ICS, results remained similar (with minor variation; Supplementary Table S5.4). 

Secondly, as lung function is often unaffected in young patients with asthma, particularly 

those undergoing treatment,22 and repeated lung function testing or use of other objective 

measures to define asthma was not possible, some misclassification may have occurred. 

However, we consider that any bias introduced as a result is minimal given that this approach 

has been used in previous studies57,496 and compares well with clinical asthma definitions.57 

Also, the main findings were similar when applying a more stringent asthma definition, i.e. 

restricting analysis to only those using ICS (Supplementary Table S5.4) or any asthma 

medication in the last 12 months (data not shown), or with AHR (Supplementary Table S5.5), 

suggesting that findings are unlikely to be due to misclassification. Thirdly, asthmatics were 

generally well-controlled young adults, recruited from the general population rather than a 

tertiary setting, making comparisons with previous studies (many of which assessed 

severe/uncontrolled asthma in adults) difficult. Fourthly, as our study was conducted in a 

community rather than tertiary setting, we did not ask participants to abstain from LABA and 

antihistamines for long periods of time due to safety concerns. Finally, mediator detection 

may be adversely affected by sputum sample quality and dilutions.338 To test the effect of 

sample quality and dilution, additional analyses were conducted using a more stringent 

quality criteria, or with mediator concentrations normalised to sputum leukocyte numbers/ml. 

This showed similar results with only minor variations; in particular, p-values generally 

reduced resulting in a few more statistically significant findings. This suggests that sample 

quality (Supplementary Table S5.1) and dilution (Appendix 2) resulted in only a slight bias.  
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In conclusion, although we found increased sputum levels of nociceptin in asthma and IL-1β, 

histamine, periostin, VEGF-A, and ECP in EA, there was no evidence of increased neural and 

remodelling mediators in NEA. However, we did find that inflammatory cells/mediators were 

often associated with neural and remodelling mediators, suggesting that these mechanisms 

may coexist with inflammation. Our study suggests a role for nociceptin, particularly in EA, 

which is intriguing and warrants further study. More generally, further studies using 

alternative approaches, or assessing asthma during exacerbation/poor control, may be 

required to comprehensively assess neural and remodelling pathways in asthma. 
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5.5 Supplementary material 

Supplementary Table S5.1. Mediator levels in participants with high sputum sample 

quality 

  Non-asthma Asthma Eosinophilic asthma Non-eosinophilic asthma 

IL-1β   273.8 (132.3-781.0) 276.8 (156.6-453.6) 367.1 (242.6-567.0) 187.7 (111.2-293.9) ** 

IL-6   406.1 (249.3-801.4) 252.9 (162.0-603.0) 273.8 (199.4-603.0) 251.1 (136.8-731.7) 

IL-8   3680.0 (2307.0-7687.0) 3466.0 (2078.0-4583.0) 3956.8 (3081.6-5612.8) 3003.5 (1984.1-4447.0) 

IL-13   24.1 (13.3-43.9) 30.2 (18.9-54.5) 33.3 (22.1-54.9) 27.7 (18.9-35.2) 

ECPα   178.8 (41.4-325.0) 256.5 (87.2-1107.7) * 881.1 (222.6-1382.6) 101.4 (49.1-256.5) ** 

Histamine   4298.0 (992.3-7346) 4320.0 (2610.0-7335.0) 6120.0 (4905.0-10192.5) 2880.0 (30.0-3645.0) ** 

NEα   27 (16.0-55.0) 33.0 (16.0-62.0) 28.5 (16.5-42.5) 33.0 (15.0-63.0) 

Acetylcholine   2247.0 (1974.0-2720.0) 2241.0 (2055.0-2502) 2187.0 (1894.0-2452.0) 2294.0 (2083.0-2546.0) 

NKA   140.5 (52.2-467.0) 223.9 (53.8-629.2) 229.8 (34.2-693.3) 202.9 (89.57-357.1) 

CGRP   694.3 (262.0-13039.0) 624.8 (262.3-14216.0) 5447 (262.0-16234.0) 327.5 (262.0-2378.0) 

Nociceptinα   23.9 (13.4-83.4) 42.7 (19.7-76.0) * 45.3 (21.0-95.0) 33.0 (16.1-74.2) 

NGF-β   96.3 (28.0-327.6) 149.4 (32.4-327.6) 184.4 (66.7-327.6) 91.8 (32.4-281.9) 

Substance P 21.3 (21.3-21.3) 21.3 (21.3-37.2) 21.3 (21.3-21.3) 21.3 (21.3-56.0) 

MMP-1α   0.08 (0.01-0.19) 0.09 (0.03-0.2) 0.09 (0.04-0.2) 0.07 (0.1-0.1) 

MMP-9α   8.1 (2.7-15.1) 5.5 (2.7-9.8) 5.7 (3.7-11.9) 3.9 (2.6-8.3) 

TIMP-1α  442.2 (209.2-868.2) 407.1 (184.3-665.3) 535.2 (285.1-753.6) 330.7 (164.8-596.2) 

VEGF-Aα   2.9 (1.6-5.6) 3.4 (1.8-5.2) 3.5 (1.9-7.1) 3.4 (1.5-4.5) 

Elastinα 15.5 (8.5-25.2) 19.0 (8.9-25.0) 18.8 (12.5-31.5) 15.3 (6.9-24.4) 

Periostinα   9.9 (4.05-34.6) 41.8 (20.2-92.3) * 50.2 (35.3-107.7) 33.7 (7.6-60.3) 

TGF-β 45.3 (45.3-215.1) 45.3 (45.3-136.8) 45.3 (45.3-180.5) 45.3 (45.3-116.1) 

All units are pg/mL except α denoting ng/mL. Data are presented as median (IQR). Mann-Whitney tests were 

used. * P<0.05; ** P<0.01 participants with versus without asthma, and non-eosinophilic versus eosinophilic 

asthma. 
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Supplementary Table S5.2. Correlations between mediators and sputum cell 

populations in non-asthmatic participants 

  Non-asthmatics 

 Total 

Macrophages 

Total  
Total 

Lymphocytes 

Total 

Neutrophils 

Total 

Eosinophils 
Epithelial 

cells 
 Correlation coefficient (r) 

IL-1β   0.20 -0.13 0.06 0.45** 0.11 

IL-6   0.30* -0.16 0.05 0.57** 0.23 

IL-8   0.24 -0.07 -0.05 0.47** 0.09 

IL-13   -0.02 0.12 0.11 0.18 0.22 

ECPα   0.16 -0.40* -0.22 0.50** 0.26 

Histamine   -0.26 -0.17 0.33* 0.01 0.21 

NEα   -0.31 -0.08 0.27 -0.38* -0.07 

Acetylcholine   0.21 0.01 -0.05 -0.11 0.03 

NKA   0.31* -0.16 -0.01 0.08 0.15 

CGRP   -0.27 0.07 0.21 -0.23 -0.06 

Nociceptinα   0.40* -0.28 0.03 0.45** 0.28 

NGF-β   -0.06 -0.06 0.16 0.11 0.13 

Substance P 0.01 0.23 -0.15 0.11 0.03 

MMP-1α   0.24 -0.33 0.07 0.51** 0.17 

MMP-9α   0.22 -0.05 -0.06 0.42** 0.03 

TIMP-1α  0.10 -0.03 0.19 0.47** 0.08 

VEGF-Aα   0.46** -0.19 0.03 0.55** 0.11 

Elastinα 0.39** -0.44** -0.15 0.43** 0.43** 

Periostinα   0.33 -0.34* -0.14 0.34* 0.42* 

TGF-β 0.25 -0.13 0.24 0.21 0.27 

All units are pg/mL except α denoting ng/mL. Data are presented as Spearman’s correlation coefficient. * P<0.05; 

** p<0.01.
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Supplementary Table S5.3. Correlations between mediators in EA (above the diagonal line) and NEA (below the diagonal line) 

All units are pg/mL except α denoting ng/mL. Data are presented as Spearman’s correlation coefficient. * P<0.05.

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1. IL-1β  1 0.46* 0.68* 0.16 0.05 -0.08 -0.16 -0.19 0.22 0.26 -0.29 0.23 -0.32 0.37* 0.41* 0.36* 0.24 0.1 -0.08 -0.01 

2. IL-6  0.55* 1 0.40* 0.19 0.22 0.02 -0.13 -0.30 0.42* -0.13 0.35* 0.44* -0.40* 0.54* -0.07 0.41* 0.51* 0.33 0.26 0.11 

3. IL-8  0.64* 0.54* 1 0.05 0.09 0.17 -0.07 -0.01 0.39* -0.05 0.08 0.28* -0.29 0.43* 0.46* 0.57* 0.41* 0.28 0.22 0.07 

4. IL-13  0.60* 0.25 0.22 1 -0.04 -0.09 0.19 -0.08 -0.39* 0.32 -0.08 0.40 0.20 -0.22 0.04 0.08 -0.28* -0.22 0.00 -0.07 

5. ECPα   0.1 0.36 0.41* -0.23 1 0.08 0.02 -0.16 -0.14 0.16 -0.27 -0.09 0.03 -0.24 0.03 -0.12 -0.17 -0.05 -0.03 0.02 

6. Histamineα   0.01 -0.05 0.09 0.3 0.19 1 -0.08 0.16 0.27 0.00 0.41* -0.15 0.07 0.02 0.15 -0.04 -0.03 0.19 0.38* 0.24 

7. NE -0.06 -0.12 -0.23  -0.37* 0.04  -0.43* 1 -0.1 0.01 0.02 -0.12 -0.00 0.11 -0.17 0.01 0.01 0.07 -0.22 0.04 -0.13 

8.Acetylcholine  0.12 0.08 0.19 -0.21 0.26 -0.06 0.3 1 -0.01 -0.11 -0.03 -0.24 0.10 -0.26 -0.16 -0.16 -0.20 -0.18 -0.19 -0.06 

9. NKA  -0.07 0.18 0.06 -0.38* -0.09 -0.14 0.34 0.1 1  -0.43* 0.53* 0.09 -0.41* 0.47* 0.20 0.17 0.48* 0.45* 0.36* 0.10 

10. CGRP  0.23 -0.23 0.16 0.47* -0.2 0.16  -0.46* -0.19 -0.31 1 -0.52* 0.24 0.01 -0.36* 0.29 -0.02 -0.29 -0.05 -0.08 -0.38* 

11.Nociceptinα   -0.03 0.24 0.04 -0.25 0.45* -0.27 0.25 0.15 0.34 -0.3 1 -0.02 0.04 0.44* -0.05 0.06 0.31 0.48* 0.67* 0.22 

12. NGF-β 0.49* 0.46* 0.21 0.41* 0.14 -0.09 0.07 -0.24 -0.15 0.1 0.25 1 -0.08 0.04 -0.08 0.33* 0.06 0.05 0.19 -0.06 

13. Substance P -0.08 -0.32* -0.1 0.05 0.02 0.03 -0.08 0.26 -0.36* -0.06 -0.22 -0.44* 1 -0.26 -0.13 -0.24 -0.38* -0.23 0.04 -0.13 

14. MMP-1α    0.49* 0.70* 0.58* 0.16 0.29 -0.24 -0.07 0.04 0.06 -0.03 0.23 0.24 -0.26 1 0.14 0.44* 0.69* 0.58* 0.39* 0.07 

15. MMP-9α     0.62* 0.29* 0.73* 0.24 0.22 0.03 -0.2 0.3 0.02 0.37* -0.03 0.15 -0.19 0.48* 1 0.23 0.22 0.2 0.29 0.07 

16. TIMP-1α    0.53* 0.55* 0.63* 0.13 0.27 -0.12 -0.35 0.05 0.03 0.21 0.25 0.26 -0.10 0.69* 0.65* 1 0.54* 0.27 0.14 -0.02 

17. VEGF-Aα     0.38* 0.55* 0.62* 0.09 0.27 -0.17 -0.26 -0.09 0.05 0.03 0.20 0.11 -0.34* 0.67* 0.53* 0.74* 1 0.36* 0.12 0.17 

18. Elastinα    0.1 0.42* 0.42* -0.41* 0.72* -0.05 0.17 0.16 0.14 -0.49* 0.37 0.11 -0.08 0.45* 0.11 0.33 0.48* 1 0.52* -0.29 

19. Periostinα    -0.04 0.19 0.42* -0.43* 0.39* -0.03 0.09 0.12 0.40* -0.20 0.24 -0.16 -0.33 0.34 0.22 0.33 0.49* 0.65* 1 0.05 

20. TGF-β 0.1 0.25 0.23 0.15 0.23 0.02 0.20 0.10 -0.13 0.12 0.45* 0.26 -0.28 0.03 0.29 0.33 0.24 0.0 -0.05 1 
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Supplementary Table S5.4. Mediator levels in participants with asthma who used ICS and 

non-asthmatics 

All units are pg/mL except α denoting ng/mL. Data are presented as median (IQR). Mann-Whitney tests were used. * 

P<0.05; ** P<0.01 participants with versus without asthma, and non-eosinophilic versus eosinophilic asthma.

  Non-asthma Asthma Eosinophilic asthma Non-eosinophilic asthma 

IL-1β   254 (150.3-765.2) 224.6 (122.9-469.8) 242.6 (156.6-469.8) 193.5 (92-457.4) 

IL-6   333.9 (189.9-790.2) 251.1 (72.5-603) 291.6 (112.1-446.4) 178.7 (38.3-681) 

IL-8   3631.3 (2281.1-7229.3) 3110 (1529.1-4560.3) 3110 (1490.4-5904.9) 3092.7 (1558.6-4332.8) 

IL-13   22.9 (16.6-40.5) 30.2 (18.9-52.2) 30.2 (20.5-54.5) 30.2 (18.9-43.7) 

ECPα   104.5 (44.3-253.8) 309.5 (72.5-1167.9) * 738.6 (222.7-1232.1) 192.9 (56.3-362.5) * 

Histamine   4140 (810-7200) 4603.5 (2835-6615) 5670 (2961-18135) 3285 (2790-5175) 

NEα   31.0 (16.0-59.0) 17.5 (12.0-46.0) 18 (7-38) 16 (14-76) 

Acetylcholine   2248.6 (1983.5-2716.9) 2471.1 (2097.7-2830.6) 2481.7 (2310.3-2903.8) 2471.1 (2050.4-2704.2) 

NKA   134.2 (52.9-451.4) 133.9 (46.9-315.3) 113.1 (39.8-445.5) 133.9 (53.8-276.6) 

CGRP   931.2 (262-13830.8) 262 (262-3944.7) 329 (262-5274.1) 262 (262-2515.9) 

Nociceptinα   22.4 (12.6-41.4) 50.1 (16.2-142) * 54.8 (16.8-161.2) 42.8 (15.7-111.5) 

NGF-β   110.0 (32.4-327.6) 82.4 (18-295.7) 87.3 (32.4-327.6) 46.1 (12-119.9) 

Substance P 21.3 (21.3-21.3) 21.3 (21.3-54.1) 21.3 (21.3-28.6) 21.3 (21.3-85.7) 

MMP-1α   0.1 (0-0.2) 0.1 (0-0.2) 0.1 (0-0.3) 0.1 (0-0.1) 

MMP-9α   7.4 (2.7-15.1) 3.9 (1.6-9.3) 4.4 (1.6-6.8) 3.6 (1.8-11.3) 

TIMP-1α  392.2 (201.5-826.1) 350.6 (101.7-644.7) 375 (104.8-687) 274.6 (81.9-586.6) 

VEGF-Aα   2.9 (1.6-5.2) 2.5 (1.1-5.2) 2.9 (1.1-6.9) 1.8 (0.5-4.1) 

Elastinα   24.5 (15.7-) 13.4 (7.7-27.9) 16.9 (9.2-31.8) 10.4 (7.3-18.9) 

Periostinα    9.4 (4.1-34.7) 25.2 (6.5-56) * 40.1 (17.6-92.3) 17.6 (5.9-32.4) 

TGF-β 45.3 (45.3-215.1) 45.3 (45.3-158.6) 45.3 (45.3-180.5) 45.3 (45.3-45.3) 
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Supplementary Table S5.5. Mediator levels in participants with asthma who had AHR 

and non-asthmatics 

 All units are pg/mL except α denoting ng/mL. Data are presented as median (IQR). Mann-Whitney tests were 

used. * P<0.05; ** P<0.01 participants with versus without asthma, and non-eosinophilic versus eosinophilic 

asthma. 

 

  

  Non-asthma Asthma Eosinophilic asthma Non-eosinophilic asthma 

IL-1β   254 (150.3-765.2) 242.6 (156.6-433.4) 285.3 (171.9-453.6) 231.5 (102.2-433.4) 

IL-6   333.9 (189.9-790.2) 252.9 (112.1-603) 252.9 (112.1-603) 215.8 (87.8-1118.3) 

IL-8   3631.3 (2281.1-7229.3) 3465.9 (1800.5-5311.8) 3929.4 (1800.5-5631.5) 3003.5 (1467.5-5311.8) 

IL-13   22.9 (16.6-40.5) 30.2 (20.5-55.4) 38.3 (24.3-84.6) 30.2 (18.9-45) 

ECPα    104.5 (44.3-253.8) 267.8 (148.4-685.9) ** 528.8 (223.4-1169.9) 221.7 (102.4-309.5) 

Histamine   4140 (810-7200) 5175 (2880-7380) 5737.5 (4680-8235) 3555 (2790-5175) * 

NEα   31.0 (16.0-59.0) 16.0 (13.0-77.0) 20.5 (13-77) 16 (15-33) 

Acetylcholine   2248.6 (1983.5-2716.9) 2294.3 (2041.7-2471.1) 2131.6 (1894-2685.4) 2401.4 (2294.3-2471.1) 

NKA   134.2 (52.9-451.4) 89.6 (28.6-233.4) 64.9 (22.4-246.2) 133.2 (48.6-231.5) 

CGRP   931.2 (262-13830.8) 1496.7 (262-16352.5) 1425.6 (262-14851.6) 1496.7 (262-17853.4) 

Nociceptinα   22.4 (12.6-41.4) 45.3 (15.7-96.8) * 50.1 (16.8-161.2) 23.2 (15.7-74.2) 

NGF-β   110.0 (32.4-327.6) 139.1 (32.4-327.6) 135.2 (32.4-327.6) 144.2 (12-327.6) 

Substance P 21.3 (21.3-21.3) 21.3 (21.3-59.9) 21.3 (21.3-59.9) 21.3 (21.3-70.8) 

MMP-1α   0.1 (0-0.2) 0.1 (0-0.2) 0.1 (0-0.1) 0.1 (0-0.3) 

MMP-9α   7.4 (2.7-15.1) 4.9 (2.9-12) 5.1 (3.2-20.7) 4.4 (1.4-12) 

TIMP-1α  392.2 (201.5-826.1) 502.5 (281.3-757.9) 535.2 (356.8-1000) 433 (138.1-719.8) 

VEGF-Aα   2.9 (1.6-5.2) 2.9 (1.5-5.2) 2.9 (1.5-5.4) 2.8 (1.4-5) 

Elastinα   24.5 (15.7-) 15.7 (10.4-23.1) 16.3 (11.8-23.1) 15.3 (8.9-22.9) 

Periostinα 9.4 (4.1-34.7) 38.7 (17.6-157.5) ** 45.9 (17.6-176.4) 36 (13.5-134.6) 

TGF-β 45.3 (45.3-215.1) 45.3 (45.3-116.1) 80.7 (45.3-116.1) 45.3 (45.3-116.1) 
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Chapter 6 Bronchodilator response in eosinophilic and non-eosinophilic 

asthma 

Hajar Ali, Collin Brooks, Sanne Muller, Rachelle Gabriels, Julian Crane, Philip Pattemore, 

Thorsten Stanley, Jeroen Douwes 

Background: Although asthma phenotypes may have different underlying pathologies and 

response to ICS, it is unclear whether they have differential responses to bronchodilators. 

This study assessed the response to SAMA (IB) and SABA in EA and NEA. 

Methods: 83 young adults (14-21 years) with asthma underwent combined hypertonic saline 

challenge/sputum induction, FeNO measurement, SPT, spirometry, and BDR tests with 40 μg 

IB and 200 μg salbutamol. Positive BDR was defined as a ≥8% increase from post-saline 

challenge FEV1. EA and NEA were defined using a 2.5% sputum eosinophil cut-point. 

Results: In all asthmatics, BDR was significantly increased with salbutamol compared to IB 

(P<0.05). Overall, 61% (n=54) responded to both treatments, 8% (n=7) responded to IB 

alone, 9% (n=8) responded to salbutamol alone, and 17% (n=14) responded to neither 

treatment. When stratified into EA (n=37) and NEA (n=46), BDR was significantly higher in 

EA than NEA with salbutamol (18.3% (14.2, 28.5%) vs 14.0% (5.7, 20.1%); P<0.05). 

Conclusion: Salbutamol is the most effective bronchodilator in young people with generally-

well controlled asthma. EA was associated with a greater response to either bronchodilator. 

The finding of a group responding to IB but not salbutamol suggests that the current “one size 

fits all” treatment approach in guidelines may not adequately address the needs of all 

asthmatics. 

 

In preparation for submission 
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6.1 Introduction 

In the early twentieth century, anticholinergics were considered a first-line asthma 

treatment.538 However, in subsequent decades they have been largely superseded by 

adrenergic agonists, which are generally more effective and well-tolerated.539 Studies 

comparing short acting anticholinergic/antimuscarinic (SAMA) agents, such as IB, with 

SABAs; currently routinely used as reliever medication), have also shown that SABAs 

generally provide greater bronchodilation overall.540 Despite this, some subgroups, such as 

older patients,541 or those with nocturnal,542 intrinsic or non-atopic asthma,543 may respond 

better to anticholinergics. Additionally, the need for more effective treatments for poorly 

controlled or treatment-refractory asthma has led to renewed interest in the use of 

anticholinergics,544 and recent GINA guidelines2 suggest the use of tiotropium bromide (a 

LAMA) for severe and uncontrolled asthma.545 

In the last few decades, it has become increasingly clear that there is considerable 

pathophysiological heterogeneity underlying asthma. In particular, studies using induced 

sputum to assess airway inflammation often find that, alongside the well-characterised TH2-

mediated EA phenotype, NEA makes up ~50% of all asthmatics417 and is largely charactered 

by an absence of airway inflammation.22 It has been suggested that neural pathways may play 

a role in NEA,499 and that anticholinergics may target airway narrowing associated with 

increased afferent nerve or vagal activity.23 However, previous studies have rarely considered 

this heterogeneity when assessing BDR; in particular, no previous studies have compared the 

response to SAMA and SABA in different asthma inflammatory phenotypes. This may be 

important as NEA appears less responsive to another mainstay of asthma treatment, ICS.422 

Furthermore, previous studies have been primarily conducted in adults or people with severe 

asthma, with few studies in young adults or children with generally well-controlled asthma. 
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The primary aim of this study was to assess whether there was a differential effect in EA and 

NEA of SAMA and SABA treatment on BDR in young people (aged 14-21 years) with 

relatively well-controlled asthma. 
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6.2 Methods 

6.2.1 Study population 

One hundred and eighteen participants with asthma (14-21 years) were recruited in 

Wellington, New Zealand, either from a birth cohort study (n=49)484 or through separate 

community-based recruitment (n=69). All completed a respiratory health questionnaire based 

on the ISAAC Phase II survey.485 Asthma was defined on the basis of a positive response to: 

‘have you had wheezing or whistling in the chest in the past 12 months?’, and/or ‘have you 

taken asthma medication in the past 12 months’. Informed consent was obtained from 

participants/parents, and the study was approved by the Northern B Health and Disability 

Ethics Committee (15/NTB/2). 

6.2.2 Clinical assessments 

Participants undertook two assessments (the second assessment was conducted 3-6 months 

after the first) involving the tests described below. Asthma control was assessed using the 

ACQ7.91 Participants with respiratory infection <1 month prior to the assessment returned 

when symptom-free, and, for safety reasons, those with FEV1% predicted <75% were 

excluded. Prior to testing, asthma medication and antihistamines were withheld for ≥12 and 

≥24 hours, respectively. 
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6.2.2.1 Spirometry and FeNO 

Spirometry and FeNO were measured using an Easyone spirometer (NDD Medizintechnik 

AG, Zurich, Switzerland) and Hypair FeNO analyser (Medisoft, Sorinnes, Belgium) as 

described previously.22,486 

6.2.2.2 Atopy 

Skin prick tests were conducted (during the first assessment only) using a panel of 

aeroallergens: HDM, tree mix, grass mix, cat and dog dander, Alternaria tenuis and 

Penicillium mix (Stallergenes Greer, Sydney, Australia), and atopy was determined by 

presence of at least one weal ≥ 3mm after subtraction of the negative control (saline). 

Histamine (1%) was used as positive control.22 

6.2.2.3 Combined hypertonic saline challenge and sputum induction 

Hypertonic saline challenge/sputum induction was conducted as described previously.488 

Briefly, aerosolised hypertonic saline (4.5% w/v) was produced using an ultrasonic nebuliser 

(DeVilbiss Ultraneb 2000, Langen, Germany) and administered orally through a mouthpiece 

(Hans-Rudolph Inc, Kansas City, USA) for increasing intervals from 0.5-4 minutes to a total 

of 16 minutes. Spirometry was conducted between intervals, and bronchodilator (salbutamol 

at visit 1 and IB at visit 2) was administered as described below. Participants were 

subsequently encouraged to produce sputum, which was processed according to a well‐

characterised protocol, and the resulting cell suspension was used to prepare cytospin slides 

stained using a Diff-Quik® fixative/stain set (Dade Behring, Deerfield, IL). Using light 

microscopy, EA was identified as ≥2.5% eosinophils at any visit and NEA as <2.5% 

eosinophils at both visits. AHR was defined as a ≥15% drop in FEV1 from baseline.488 
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6.2.2.4 BDR 

To determine BDR, participants received 200 μg salbutamol (Ventolin, GlaxoSmithKline) at 

visit 1, and 40 μg IB (Atrovent, Boehringer Ingelheim) at visit 2, using a pre-primed 

volumatic spacer. At both visits, the appropriate bronchodilator was administered 

immediately after completing the combined hypertonic saline challenge/sputum induction, or 

if required, following a reduction in FEV1 of ≤75%-predicted or >15% of baseline. Post-

bronchodilator spirometry was performed 10 minutes after salbutamol administration (visit 1) 

and 20 minutes after IB administration (visit 2).546 

6.2.3 Statistical analysis 

Analyses were performed using STATA version 11.0 (STATA Corp, College Station, TX, 

USA) and GraphPad Prism 7.0 (Graphpad Software Inc, La Jolla, CA, USA). Mann-Whitney 

U tests, unpaired t-tests, Chi-square tests, or Kruskal Wallis tests were used as appropriate. 

BDR was calculated using the following equation: BDR % 

change= 
𝑃𝑜𝑠𝑡−𝑏𝑟𝑜𝑛𝑐ℎ𝑜𝑑𝑖𝑙𝑎𝑡𝑜𝑟 𝐹𝐸𝑉1 − 𝑃𝑟𝑒−𝑏𝑟𝑜𝑛𝑐ℎ𝑜𝑑𝑖𝑙𝑎𝑡𝑜𝑟 𝐹𝐸𝑉1  

𝑃𝑟𝑒−𝑏𝑟𝑜𝑛𝑐ℎ𝑜𝑑𝑖𝑙𝑎𝑡𝑜𝑟 𝐹𝐸𝑉1
 𝑥 100%. BDR was assessed using 

two approaches: (1) comparing baseline FEV1 (prior to the combined hypertonic saline 

challenge and sputum induction test) with post-bronchodilator FEV1
547; and (2) comparing 

post-challenge FEV1 (the last FEV1 obtained prior to treatment with salbutamol or IB) with 

post-bronchodilator FEV1, thus representing saline challenge-induced bronchoconstriction 

reversibility (Appendix Figure 3.1).548 BDR was compared between EA and NEA for 

salbutamol and IB separately, using both continuous (i.e. increase in FEV1 (L)) and 

dichotomous measures (i.e. ≤8% versus >8% increase in FEV1 (L).71 To account for the 

differential response to saline challenge, we conducted further sensitivity analysis including 

only asthmatics with AHR (as defined above). 
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6.3 Results 

6.3.1 Population characteristics 

Thirty-five participants were excluded due to either poor quality/no sputum sample or 

incomplete bronchodilator data. Of the remaining 83 participants, 20% were classified as 

uncontrolled, 31% as partially controlled and 48% as well-controlled (Table 6.1). When 

classified based on sputum differential counts, 45% (n=37) had EA and 55% (n=46) had 

NEA. None were classified as neutrophilic or mixed granulocytic asthma.20 EA had 

significantly reduced lung function, higher FeNO and poorer ACQ7 scores (all p<0.05; Table 

6.1). 

Table 6.1. Population characteristics 

Data presented as mean (SD), median (IQR) or frequency (%), Mann-Whitney test and chi-square tests 

were used as appropriate. † p<0.1; * P<0.05; ** P<0.01 non-eosinophilic versus eosinophilic 

asthmatics. 
a ≥15% drop in FEV1 from baseline following hypertonic saline challenge 
bPositive SPT against one or more common allergens 

SPT, skin prick test; FeNO, fractional exhaled nitric oxide 
Eosinophilic asthma defined as ≥2.5% sputum eosinophils 

 Asthma 

(N=83) 

Eosinophilic 

asthma (N=37) 

Non-eosinophilic 

asthma (N=46) 

Age 19.7 (1.8) 19.5 (1.7) 19.8 (1.7) 

Males- n (%) 40 (48.2%) 18 (48.7%) 22 (47.8%) 

Height (cm) 169.8 (8.7) 169.5 (9.3) 170.1 (8.2) 

Weight (Kg) 67.1 (13.3) 66.1 (13.0) 67.8 (13.5) 

Ethnicity    

European- n (%) 71 (85.5%) 31 (84.0%) 40 (87.0%) 

Non-European- n (%) 12 (14.5%) 6 (16.2%) 6 (13.0%) 

FEV1% predicted 98.6 (14.7) 95.9 (15.2) † 100.7 (14.1) 

FVC% predicted 101.2 (13.5) 100.7 (13.5) 101.5 (13.6) 

FEV1/FVC% predicted 97.3 (7.6) 95.2 (7.1) * 99.0 (7.6) 

β-agonist use- n (%) 61 (73.5%) 31 (83.8%) 30 (65.2%) 

ICS use- n (%) 44 (53.0%) 23 (50.0%) 21 (57.0%) 

ACQ7 score 0.9 (0.7) 1.3 (0.8) ** 0.65 (0.5) 

Airway hyperreactivitya- n (%) 32 (39.0%) 17 (46.0%) 15 (32.6%) 

FeNO (ppb) 62.9 (64.1) 81.8 (66.8) ** 47 (58) 

Atopyb- n (%) 68 (81.9%) 32 (86.5%) 36 (78.3) 

TCC/mL x 106 2.2 (1.6-2.8) 2.8 (1.8-3.8) 1.6 (1.0-2.2) 

Sputum eosinophils % 6.9 (4.4-9.4) 14.4 (10.0-18.9) ** 0.6 (0.3-0.8) 

Sputum neutrophils % 14.4 (11.0-17.8) 12.5 (8.2-16.7) 16.0 (10.8-21.2) 



 

 

142 

 

6.3.2 BDR 

For all asthmatics, median baseline BDR was 0.9% (IQR -2.3-3.2%) and 0.4% (-4.0-3.2%) 

following salbutamol and IB administration respectively, whereas post-challenge BDR was 

16.6% (6.9-25.0%) and 12.0% (7.1-22.0%). Using both approaches, BDR was significantly 

higher for salbutamol (P<0.05; Figure 6.1A). When analyses were restricted to asthmatics 

with AHR (n=32), a similar pattern was observed, although post-challenge BDR was elevated 

with both salbutamol (28.2%, 18.3-38.6%) and IB (16.9%, 10.4-24.9%; p<0.05; Figure 

6.1B). 

 

Figure 6.1. Bronchodilator response (percentage of change; BDR %): (A) baseline and post-challenge in all 

asthmatics (n=83); (B) baseline and post-challenge in asthmatics with AHR (n=32), following treatment with 

salbutamol (S) or ipratropium bromide (IB). Median data values are expressed at the top of each group. 

6.3.3 BDR and inflammatory phenotypes 

When stratified into EA and NEA, baseline (Figure 6.2A) and post-challenge BDR (Figure 

6.2B) were similar to those observed in asthmatics overall in both cases. However, although 

baseline BDR was not significantly different between EA and NEA for either medication, 

post-challenge BDR was significantly higher in EA than NEA with salbutamol (18.3%, 14.2-



 

 

143 

 

28.5% vs 14.0%, 5.7-20.1%); p<0.05; Figure 6.2B). There were no differences in BDR 

between EA with NEA when analyses were restricted to asthmatics with AHR regardless of 

bronchodilator or BDR definition used (Figure 6.2C, 6.2D). 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Bronchodilator response (percentage of change; BDR %): (A) baseline, (B) post-challenge in 

eosinophilic (EA) and non-eosinophilic (NEA) asthmatics; or (C) baseline; (D) post-challenge only in EA and 

NEA asthmatics with AHR, following treatment with salbutamol (S) or ipratropium bromide (IB). Median data 

values are expressed at the top of each group. 

6.3.4 BDR prevalence 

Using a >8% increase from baseline to define BDR, the majority of asthmatics (80%, n=67) 

were classified as non-responders to either treatment (Table 6.2). However, when using a 

>8% increase from post-challenge to define BDR, 61% (n=54) of asthmatics responded to 

both treatments, 8% (n=7) responded to IB alone, 9% (n=8) responded to salbutamol alone, 
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and 17% (n=14) responded to neither treatment (Table 6.2). When restricting analyses to 

asthmatics with AHR, similar response patterns were observed for baseline BDR. However, 

when assessing post-challenge BDR, all participants with AHR responded, of which 88% 

(n=28) responded to both treatments and 13% (n=4) responded to salbutamol alone; none of 

the participants responded to IB alone (Table 6.2). 

When comparing baseline BDR in EA and NEA (Table 6.2), EA were more likely to have a 

positive response to any treatment (30% (n=11) vs 11% (n=5); p<0.05) and respond to 

salbutamol alone than NEA (24% (n=9) vs 2% (n=1); p<0.05). When comparing post-

challenge BDR in EA and NEA, no statistically significant differences in the prevalence of 

response to salbutamol or IB alone were found, although EA were more likely to respond to 

both treatments than NEA (97% (n=36) vs 72% (n=33); p<0.05). When analyses were 

restricted to EA/NEA with AHR, a similar pattern was observed when defining BDR as FEV1 

>8% from baseline or post-challenge (i.e. the majority responded to both and the remainder to 

salbutamol alone), regardless of EA/NEA phenotype (Table 6.2). 

Using 9%72 or 12%545 cut-off points to define BDR resulted in a similar pattern of results, 

although lower BDR prevalence was observed (data not shown).
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Table 6.2. Prevalence of bronchodilator response (>8% FEV1) in asthmatics (all and AHR only), EA, and NEA  

 All asthmatics Asthmatics with AHR 

  Asthma  
Eosinophilic 

asthma 

Non-eosinophilic 

asthma  
Asthma  

Eosinophilic 

asthma 

Non-eosinophilic 

asthma  

 (n=83) (N=37) (N=46) (n=32) (n=17) (N=15) 

>8% increase from baseline       

Both responders (SIB +/+), n (%) 2 (2.4%) 1 (2.7%) 1 (2.2%) 0 (0%) 0 (0%) 0 (0%) 

Only S responders (SIB +/-), n (%) 10 (12.0%) 9 (24.3 %) * 1 (2.2%) 4 (12.5%) 4 (23.5 %) * 0 (0%) 

Only IB responders (SIB -/+), n (%) 4 (4.8%) 1 (2.7%)  3 (6.5%) 2 (6.3%) 1 (6.0%) 1 (7.0%) 

Non-responders (SIB -/-), n (%) 67 (80.7%) 26 (70.3 %) * 41 (89.1%) 26 (81.3%) 12 (71.0 %) 14 (93.3%) 

>8% increase post-challenge      

Both responders (SIB +/+), n (%) 54 (65.0%) 26 (70.3 %) 28 (61.0%) 28 (87.5%) 14 (82.4 %) 14 (93.3%) 

Only S responders (SIB +/-), n (%) 8 (9.6%) 5 (13.5%) 3 (6.5%) 4 (12.5%) 3 (17.6%) 1 (6.7%) 

Only IB responders (SIB -/+), n (%) 7 (8.4%) 5 (13.5%) 2 (4.4%) 0 (0%) 0 (0%) 0 (0%) 

Non-responders (SIB -/-), n (%) 14 (17.0%) 1 (2.7%) * 13 (28.3%) 0 (0%) 0 (0%) 0 (0%) 

Data presented as frequency (%). * p<0.05 non-eosinophilic versus eosinophilic asthmatics. S, salbutamol; IB, ipratropium bromide 
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6.4 Discussion 

In the present study, we found that salbutamol was generally the most effective 

bronchodilator in young asthmatics with relatively well-controlled asthma. The magnitude of 

response to both bronchodilators was greater in EA compared to NEA, although this was 

statistically significant only for salbutamol. There was no indication that IB was more 

effective in NEA; however, a small group of asthmatics responded to IB alone. 

Our finding that salbutamol is more effective than IB in asthma is consistent with previous 

studies in different populations; for example, participants with mild to moderate airway 

obstruction,549 persistent allergy,541 young adult asthmatics,540 and children with asthma.550 

Our study therefore provides further support for the preferential use of SABA rather than 

SAMA as reliever medication in asthma in general, as is currently advocated in international 

guidelines.545 

The magnitude of response to both bronchodilators was greater in EA compared to NEA, 

although statistically significant only for salbutamol. This could suggest that BDR is 

associated with eosinophilic inflammation. However, EA had lower baseline lung function 

parameters (FEV1, FEV1/FVC), poorer asthma control, and were more likely to have AHR 

than NEA, which is consistent with previous studies in adolescents.22 We therefore consider 

that the greater BDR observed in EA may simply be because they have more baseline airflow 

limitation and/or more poorly controlled asthma. Indeed, lower pre-bronchodilator lung 

function and poor asthma control have previously both been associated with greater BDR in 

asthmatics.551 In an attempt to address this, we conducted further sensitivity analyses 

including only asthmatics with AHR i.e. those who had significantly reduced lung function 

during the hypertonic saline challenge, which included 17 EA (46%) and 15 NEA (33%). 
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This analysis showed no difference in BDR or prevalence of response between EA and NEA, 

regardless of the bronchodilator used. In addition, all asthmatics exhibited a positive response 

to both treatments or salbutamol alone when post-challenge FEV1 was considered, supporting 

our belief that greater BDR is associated with poor asthma control and lower baseline lung 

function rather than specific inflammatory pathology. 

Whilst we found no evidence of greater BDR with IB in NEA, we found a small group of 

asthmatics (8.4%, n=7 when examining post-challenge BDR) who responded to IB but not 

salbutamol. This group had relatively low ACQ7 scores (0.3 vs 1.0; p<0.05) and showed no 

evidence of AHR (0%, n=0 vs 52%, n=28; p<0.05), but were otherwise similar to other 

asthmatics. Some previous studies have also reported a subgroup of asthmatics responding to 

IB alone, with evidence this is associated with nocturnal,542 non-atopic or intrinsic asthma.543 

In the current study we were unable to assess these characteristics due to either questionnaire 

limitations (nocturnal asthma) or limited participant number (only 18.1% were non-atopic). 

Nevertheless, our data (alongside previous studies) suggests that there may be a small group 

of well-controlled asthmatics (with no evidence of AHR) that are responsive to IB alone. 

However, as this response was observed only in a small group of participants, it is possible 

that it may be due to chance. To clarify and further characterise this group, we suggest that a 

larger study is needed involving multiple assessments over time. 

BDR is conventionally assessed as change in FEV1 from baseline after bronchodilator 

administration,547 with a ≥12% increase often defined as clinically significant.545 However, 

both approaches are based on studies with mostly adults conducted in tertiary settings552,553 

and may be too stringent in paediatric or adolescent asthma, in which baseline FEV1 is less 

likely to be affected than older populations.71 In agreement, we found that clinically 

significant baseline BDR was difficult to detect in majority of young asthmatics; 81% of 
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asthmatics were classified as non-responders using these definitions in the current study. To 

address this, we used two alternative approaches to identify BDR. Firstly we used a 

challenge-rescue model (using hypertonic saline) measuring BDR following a bronchial 

challenge-induced bronchoconstriction, proposed previously as a means to maximise BDR.548 

Secondly, we used a cut-off of 8% increase in FEV1 to define BDR, as this has been shown to 

provide better sensitivity than the 12% cut-off to detect asthma in young people71 Using this 

combination, we demonstrated BDR in the majority (83%) of asthmatics, suggesting that this 

approach may be more appropriate in this population of young asthmatics than strict 

adherence to the ≥12% cut-off from baseline to define BDR. 

 Our study has limitations. Firstly, asthmatics were identified using an epidemiological 

definition rather than objective tests, and therefore some misclassification may have 

occurred. However, this commonly used approach57,304,554 generally compares well with 

clinical diagnoses.57 Furthermore, although not using the conventional approach (see above), 

83% of asthmatics identified using the epidemiological definition in the present study had 

BDR post-challenge. The remaining 17% may have been misclassified as has been shown 

previously,555 or as asthma is a highly variable condition,545 had little evidence of airway flow 

limitation at the time of assessment. Secondly, asthmatics in the present study were young 

and often had relatively well-controlled asthma. It is unclear how generalisable our findings 

are to other age groups, or those with severe or uncontrolled asthma. Thirdly, as our study 

was conducted in a community rather than tertiary setting, we did not ask participants to 

abstain from LABA for long periods of time due to safety concerns. Fourthly, BDR was only 

assessed at two-time points; once for salbutamol, once for IB. As asthma is characterised by 

considerable temporal variation in airflow limitation,545 it is likely that BDR will also 

fluctuate. Studies assessing post-challenge BDR at multiple timepoints and in treatment-naïve 

patients are required to expand on the present findings. Finally, BDR to salbutamol was 
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consistently evaluated at visit 1 and IB at visit 2, which might introduce a potential bias. 

However, since the time intervals between assessments were several months apart, it is 

unlikely that this would significantly impact the results. 

In conclusion, in this study of generally well-controlled young asthmatics we found that EA 

were more likely to respond to both bronchodilators (likely due to lower lung function at 

baseline), but there was no evidence of a differential response in NEA; in particular, IB was 

not more effective in NEA. Furthermore, although salbutamol was the most effective 

bronchodilator overall, a small group of asthmatics did not respond to salbutamol and 

responded to IB alone. This suggests that current guidelines and approach to the use of 

reliever medication may not be addressing the needs of a subgroup of asthmatics. 
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Chapter 7 General Discussion 

7.1 Introduction 

This thesis describes several studies utilising different non-invasive approaches to assess 

aspects of neural pathways and remodelling in the airways. They were designed to provide 

greater understanding of the role of: (i) neural mechanisms, particularly autonomic 

regulation, sensory nerve activity, and neural mediators; and (ii) remodelling, particularly 

levels of airway remodelling biomarkers. The work described in this thesis also assessed 

whether markers of neural and remodelling pathways were associated with inflammation. In 

addition, the response to SABA and SAMA treatments were compared between asthma 

phenotypes. Results were generally presented separately for EA, NEA, and non-asthmatics to 

assess whether features associated with neural mechanisms, remodelling and/or inflammation 

differed across these groups. This research adds to the relatively small body of research 

assessing non-inflammatory mechanisms in asthma. To the author’s knowledge, no similar 

studies have previously been conducted in New Zealand, and only a limited number of 

studies have been conducted internationally. 

This chapter summarises the main findings and discusses results of particular interest. This is 

followed by a discussion of the overall implications, the strengths and limitations, 

suggestions for future research, and overall conclusions. 
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7.1.1 The main findings are as follows: 

• Approximately 50% of asthmatics were characterised as NEA (chapters 3, 4, 5 and 6). 

• Airway sensory nerve reactivity was enhanced in NEA compared with non-asthmatics 

(Chapter 3). 

• There was no evidence of an imbalance in ANS activity in asthma or in EA and NEA 

(Chapter 4). 

• With the exception of nociceptin, there was little evidence of increased airway levels 

of neural mediators in asthma or in EA and NEA (Chapter 5). However, increased 

levels of some inflammatory and remodelling markers were found in asthma and EA, 

but not NEA (Chapter 5). 

• A subgroup of asthmatics responded to IB but not salbutamol (Chapter 6). 
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7.2 Discussion and implications of main findings 

7.2.1 NEA is a common phenotype 

This research supports previous findings22,460 showing that approximately 50% of young 

asthmatics in the general population have NEA. Additionally, those with NEA were 

predominantly PGA. No clear evidence of neutrophilic inflammation was found; in 

particular, none of the asthmatics had ≥61% neutrophils during assessment. Once again, this 

is consistent with previous studies in young asthmatics in New Zealand.22,101,556 Whilst higher 

rates of NA have been reported in children in low-income countries (e.g. in Uganda, where it 

may be associated with infections or environmental exposures),460 at least in New Zealand, 

neutrophilic inflammation may be less important in young adults with asthma compared with 

older asthmatics, who may have NA due to smoking and occupational exposures.557 

It is possible that there may have been some misclassification, with some EA cases 

incorrectly classified as NEA due to ICS treatment, which is known to suppress airway 

eosinophilia.422 However, given that only 42% of the NEA group had used ICS in the 

previous two weeks, and there was no difference in sputum eosinophil levels between those 

who had used ICS and those who had not, this is unlikely to have significantly affected the 

results i.e. if misclassification as a result of ICS-use had occurred, this would most likely be 

small. The commonly used sputum eosinophil cut-off of 2.5%488 may have also resulted in 

misclassification. In particular, low-grade eosinophil-mediated inflammation (with associated 

lower levels of sputum eosinophils) may be important in NEA as has previously been 

suggested.431 In support of this, in the current study, a post hoc analysis found that NEA had 

significantly higher sputum eosinophil percentages than non-asthmatics (median: 0.0, IQR: 

0.0-1.24 vs 0.0, 0.0-0.0; p<0.01). However, detailed assessment of cytospin slides found that 
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52% of NEA had no evidence of any sputum eosinophils, indicating that “low-grade” 

eosinophilia would explain at most 48% of all NEA cases. It is therefore possible that NEA 

may be a heterogenous group consisting of asthmatics who present with a less evident form 

of EA and those without any detectable signs of inflammation. If true, the actual proportion 

of NEA may be lower than 50%. Despite some uncertainty about the exact percentage of 

asthmatics who classify as NEA, it is clear that a considerable proportion of asthmatics in the 

general population may not conform to the TH2-mediated inflammatory paradigm, and 

therefore may not be optimally treated with therapeutic interventions solely targeting 

(eosinophilic) inflammation.414 The high prevalence of cases identified as NEA highlights the 

need for further investigations of this phenotype to better understand its underlying 

pathology, with the aim of developing effective prevention strategies or more targeted 

interventions. 

7.2.2 Sensory nerve reactivity is increased in NEA 

One of the most important and intriguing findings of this research is that young people with 

NEA had enhanced sensory nerve reactivity when compared with non-asthmatics; sensory 

nerve reactivity was also higher compared to EA, but this did not quite reach statistical 

significance (p=0.07; Figure 3.2). While this is the first report to show a relationship between 

sensory nerve reactivity and NEA, recent studies have suggested an association with non-

atopic,279,389 and occupational asthma558 which, like NEA, are likely to be driven by 

predominantly non-TH2 mechanisms. This is important as it points towards an alternative 

pathology, potentially involving neural pathways. 

Currently, the causes of enhanced sensory nerve reactivity, both in general and in NEA 

specifically, are not fully understood. As discussed in section 2.2.3.1, it has been suggested 
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that hereditary (intrinsic) sensory neuropathy,559 along with airway remodelling (resulting 

from previous airway insults or chronic inflammation) may lead to-long lasting peripheral 

and central sensitisation of the cough pathways.241 In the context of NEA, any of these factors 

could be responsible, although the absence of detectable airway inflammation suggests that 

chronic inflammation is unlikely to play a major role. Whether enhanced sensory nerve 

reactivity observed in NEA is due to central or peripheral sensitisation of sensory nerves, or 

previous airway insults, is unknown. Additionally, as only the response to capsaicin was 

assessed, it is unclear as to whether those with NEA also have enhanced sensory reactivity to 

other stimuli. As described in Chapter 3, participants did not report increased prevalence of 

nocturnal tussive symptoms, suggesting that this may be a TRPV1-specific response, and not 

representative of “cough variant” asthma.560 

The finding of increased sensory nerve reactivity in NEA highlights an identifiable and 

measurable component of airway disease that may have important implications. Firstly, if 

symptoms in NEA are specifically related to sensory reactivity, it identifies a novel non-

inflammatory pathology, which may, at least partially, explain why NEA is less responsive to 

ICS.422 Secondly, capsaicin sensitivity could be used to identify a potential treatable trait,561 

allowing the development of a more tailored approach to treatment. Thirdly, if the source or 

causes of increased sensory nerve reactivity observed in NEA could be identified, this may 

contribute to the development of prevention strategies to reducing causal exposures. 

If proven useful, capsaicin challenge or sensory nerve reactivity testing could also become 

part of routine asthma assessments in specialised respiratory clinics to better identify those 

who may benefit from alternative treatment options. Further, it may be an important research 

tool that could allow more advanced asthma phenotyping, which would be particularly useful 

for population-based studies assessing the primary causes of asthma. 
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7.2.3 There is no evidence for altered autonomic activity in asthma 

No evidence of an imbalance or difference in ANS activity was found when comparing 

asthmatics and non-asthmatics, or EA and NEA. Although this finding was consistent with 

some previous studies showing no difference in autonomic activity,369,370 others have reported 

increased PNS activity.260,364 As discussed in greater detail in Chapter 4, these inconsistencies 

may be attributed to differences in the populations studied. In particular, in contrast to the 

present study, most previous studies have assessed HRV in either older,369 or pre-pubertal 

populations260 or more severe asthma in a tertiary setting.364,365 Additionally, methodological 

differences in HRV measurement and interpretations complicate comparisons between 

studies. Factors such as test conditions (e.g. resting versus post-exercise HRV 

measurements), changes in body position and the use of different software may also lead to 

differences in results.562 Moreover, there are currently no validated tools developed 

specifically to assess ANS activity in the airways345 and  HRV analysis may therefore not be 

sufficiently sensitive/specific for assessing autonomic airway regulation. Ultimately, it is also 

possible that autonomic dysfunction does not play a critical role in asthma or in specific 

asthma phenotypes, or at least not in asthma in young people, particularly those with well-

controlled asthma. 

7.2.4 With the exception of nociceptin, there was little evidence of a role 

for neural mediators in asthma 

Increased levels of sputum nociceptin were found in asthma and EA, when compared with 

non-asthmatics. As described in Chapter 5, nociceptin is not often studied and most studies 

examining the role and effect of nociceptin in the airways have been conducted in animal 

models.526,563 Although studies have reported the importance of nociceptin in pathological 
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states such as neuropathic and inflammatory pain, and Parkinson’s disease, as well as in 

anxiety and drug addiction,564 there is relatively little known about the clinical function of 

nociceptin in asthma pathology. Whilst there is some evidence that nociceptin receptor 

expression may be altered in asthma,528 to the author’s knowledge only one previous study 

has reported increased sputum nociceptin levels in 55 adults (>50 years of age) with severe 

asthma.529 The finding of increased airway nociceptin levels in young subjects with well-

controlled asthma, suggests that nociceptin may be involved in asthma across a broader 

spectrum of severity. 

Although it is suggested that nociceptin may be of neural origin (as grouped in Chapter 5 

based on previous literature,565 several studies suggest that different leukocyte populations 

can express the N/OFQ receptor and are capable of producing and secreting 

nociceptin.296,529,566 There are also reports suggesting that nociceptin has immunomodulatory 

functions, such as leukocyte migration, lymphocyte proliferation, and cytokine 

production.567,568 Thus, given the significant associations observed between sputum 

nociceptin levels and granulocytes in the present study and also reported previously by Singh 

et al,529 sputum nociceptin may originate from inflammatory cells. Alternatively, as 

inflammatory cells often co-localise with airway nerves and inflammatory mediators are 

known to induce production of sensory neuropeptides,241 it is also possible that nociceptin 

may be produced by sensory nerves as a result of inflammation involving these cells.  

Despite enhanced sensory nerve reactivity observed in NEA (Chapter 3), no evidence of 

increased levels of any of the neural mediators studied was found in this group. This suggests 

that neurogenic inflammation is unlikely to play a role in this phenotype, at least in young 

asthmatics with well-controlled asthma. The reasons why enhanced sensory reactivity was 

detected in NEA without evidence of neurogenic mediator involvement is unclear. It is 

possible that enhanced sensory nerve reactivity in NEA is mediated by central reflex 
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pathways that mediate cough reflex rather than the axon reflex that leads to production of 

neuropeptides and neurogenic inflammation.233 Alternatively, as suggested in Chapter 5, low 

levels of neural mediators detected may be because neuropeptide signalling in the airways is 

often transient and highly localised,569 which may make it difficult to detect in sputum. It is 

also possible that increased levels of sputum neural mediators are only detectable in more 

severe and intractable disease285,287 or during exacerbations515 and may not be detectable in 

well-controlled asthmatics. Finally, the panel assessed in Chapter 5 may have missed some 

potentially important functional mediators. In particular, previous studies have suggested that 

neuropeptide S,570 and VIP,289 may be implicated, particularly in children with mild-moderate 

asthma and during rest. However, due to the limited sample volume available, these 

mediators were not measured in the present study. 

7.2.5 Remodelling and inflammation-associated mediators were increased 

in EA but not NEA 

Increased sputum levels of several inflammatory and remodelling mediators such as ECP and 

periostin were found in asthma, and IL-1β, periostin, VEGF-A, and ECP in EA, but not in 

NEA. This suggests that whilst multiple processes may be occurring concurrently in EA, on 

the basis of mediators and inflammatory cells, there is no evidence of this in NEA. 

The finding of increased periostin levels in EA is consistent with previous studies, which 

showed that it is associated with TH2-mediated inflammation,437 suggesting its potential as a 

biomarker for EA. However, increased periostin is not specific to only EA as it is also 

elevated in other atopic diseases like dermatitis,571 and allergic rhinitis,572 and in conditions 

that are not associated with TH2 inflammation or atopy, such as rhinovirus infections573 or 

bronchiolitis.574 
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While there have been a few studies showing increased VEGF levels in EA,575,576 particularly 

associated with asthma severity,577 little is known about its role in asthma. Further studies are 

warranted to determine the specific mechanisms through which VEGF may influence the 

development and severity of asthma. 

Although Chapter 5 suggests that periostin and VEGF are “remodelling”- associated 

mediators (based on previous studies),531,578 these mediators are also associated with TH2 

inflammation. As with nociceptin, it is unclear whether increased levels of these mediators 

are actually produced by airway leukocytes, as reported previously,579 or are produced by 

structural cells. As observed in Chapter 5, VEGF in particular is associated with 

macrophages, neutrophils and eosinophils, suggesting that VEGF may originate from these 

cells. 

No evidence of increased levels of remodelling-associated mediators was found in NEA. This 

may potentially be due to the absence of severe or neutrophilic asthma in this population, 

both of which have previously been associated with increased levels of MMP-1, MMP-9,520 

TIMP-1519 and TGF-β.517 Despite this, further investigation of the involvement of airway 

remodelling in NEA may be warranted, as active remodelling may not have occurred at the 

time of assessment (especially when most NEA were well controlled) or may not be 

detectable using sputum mediator assessment. For example, alterations in ASM mass or 

thickening of the subepithelial basement membrane would only be detected using more 

invasive techniques such as bronchoscopy or histopathological examination.463  
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7.2.6 A subgroup of asthmatics respond to IB but not salbutamol 

In Chapter 6, both salbutamol and IB were effective bronchodilators in a large proportion 

(65%) of asthmatics, although salbutamol was associated with a slightly greater response than 

IB. This was expected, as previous studies showed similar results,540,541,549 and as such, 

provides a rationale for why salbutamol is currently advocated as the first-line reliever 

medication in international guidelines.2 However, we found that a small group of asthmatics 

(8.4%, n=7) responded to IB but not salbutamol. Compared to the other asthmatics, this 

group had relatively low ACQ7 scores (0.3 vs 1.0; p<0.05) and showed no evidence of AHR 

(0%, n=0 vs 52%, n=28; p<0.05), but were otherwise similar in terms of inflammatory and 

clinical characteristics. Similar findings have previously been reported in 10-20% of 

asthmatics.541,549 

This is an intriguing finding and may have important implications. In particular, it suggests 

that a “one size fits all” approach and reliance on clinical guidelines (i.e. the routine use of 

SABA alone or in combination with ICS)2 may not adequately address the needs of a 

subgroup of asthmatics. Although the relative size of this group is small in the current study, 

given the high prevalence of asthma, many patients (both nationally and globally) may 

potentially benefit from using IB - either alone or in combination with salbutamol. If 

replicated in future studies, identifying this differential response could potentially serve as a 

treatable trait, enabling a more personalised approach to asthma management. Additionally, 

treatment response could help further define asthma phenotypes, either as traits within 

existing phenotypes or as distinct entities. 

It is currently unclear why anticholinergic bronchodilators such as IB might be more effective 

in some asthmatics. However, it is possible that asthmatics with a non-inflammatory 

underlying mechanism (i.e. neural mechanisms), may benefit from IB. An alternative 
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explanation could be that IB targets smooth muscle muscarinic receptors in a similar manner 

to how β-agonist bronchodilators act on smooth muscle β-adrenergic receptors. Hence, the 

increased IB response may be due to different receptor sensitivity and the direct effect on 

smooth muscle, rather than different underlying mechanism of bronchoconstriction.  
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7.3 Strength and limitations 

Many of the strengths and limitations of the specific methodological approaches used have 

been discussed comprehensively in earlier chapters. The more general strengths and 

limitations of the research described in this thesis are explored further below. 

One of the major strengths is the comprehensive assessment of a broad and diverse range of 

pathophysiological and clinical parameters in young adults with and without asthma. In 

particular, neural pathways were investigated using a range of methods, and airway 

inflammation was assessed using induced sputum and FeNO measurement, both of which are 

validated for use in research and clinical practice.307,580 This combined approach - assessing 

both inflammatory and non-inflammatory pathways, and the potential interactions between 

them - is highly novel, with many previous studies relying on fewer tests to assess underlying 

mechanisms, with the majority focussing on inflammation or airflow limitation. However, 

although comprehensive, assessment of non-inflammatory and neural pathways was limited 

to assessment of capsaicin response, HRV, and sputum mediator measurement. Further tests 

(as discussed in 7.4) could provide additional information about the underlying causes of 

asthma. 

A significant strength is that the population size of this study was relatively large (130 

asthmatics and 79 non-asthmatics) compared with many previous studies examining non-

inflammatory mechanisms in asthma, such as those assessing airway sensory reactivity,480 or 

autonomic activity.364 Therefore, although a complete dataset was not available for all tests or 

samples for all participants, the study generally had adequate statistical power to detect 

meaningful associations and minimise bias. It also allowed some ad hoc sensitivity analyses 

to be conducted to assess the robustness of findings (e.g. restricting analyses to those who 

had AHR or used ICS medication to provide a more stringent definition of asthma). 
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Another strength is that the population studied was unselected and therefore represented a 

‘snapshot’ of airway pathophysiology in the general population, rather than relying on 

asthmatics recruited from a secondary- or tertiary- care setting, which would have favoured 

selection of asthmatics who have more severe asthma and are likely to use more medication. 

The majority of asthmatics studied (78.4%) were stable or well-controlled at the time of 

assessment. One of the advantages of studying this group was that most had asthma as their 

sole medical condition (i.e. other chronic inflammatory disorders or co-morbidities were 

excluded) and therefore were not taking other medications, which could have affected results 

in some of the tests used. Furthermore, given the young age of participants, they were 

unlikely to have had much exposure to occupational allergens and irritants previously 

associated with airway inflammation557 or sensory nerve reactivity,581 potentially limiting 

confounding. However, as participants were stable and well-controlled at the time of 

assessment it is unclear how applicable and generalisable our findings are to the broader 

heterogeneous asthma population, particularly those with severe asthma or undergoing 

exacerbation. 

Throughout this thesis, asthma was identified on the basis of standardised questionnaire 

responses (specifically based on questions about wheezing/whistling in the chest and/or 

asthma medication-use in the last 12 months), rather than using more objective measures such 

as lung function measurements, BDR, or AHR, as often advocated in international clinical 

guidelines.2 This approach could be considered to be both a strength and a limitation. When 

considering the strength of this approach, and as described in chapters 3, 4, 5 and 6, a 

symptom-based approach has high sensitivity and specificity and can be more appropriate for 

identifying physician-diagnosed asthma than some objective measures.496 Questionnaire-

based approaches are also widely acceptable, inexpensive, and convenient to conduct in large 

populations, requiring no special equipment. Despite their strength, questionnaire-based 
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approaches also have limitations. In particular, they rely on self-reported data, which may be 

subject to recall bias. It is also possible that some asthmatics may have had previous, but not 

current asthma, or reported symptoms (i.e. wheeze) that were not actually related to asthma 

as has been previously described.64 However, the use of more stringent criteria based on 

objective measures may exclude many asthmatics in a community-based setting, and 

potentially lead to bias towards certain asthma phenotypes or more severe disease.582 

Furthermore, identification of asthma based on objective measures is especially problematic 

in younger individuals as spirometry and BDR are often “normal” in young asthmatics,583 

even in severe asthma,75 and particularly in patients undergoing treatment.584 Recent GINA 

guidelines no longer recommend using baseline lung function parameters to identify asthma 

but instead advocate the use of documented expiratory airflow limitation and excessive 

variability in lung function- preferably at a time when asthma is not controlled and FEV1 is 

reduced, and preferably before starting controller treatment.2 While this approach is optimal, 

it is difficult in large population-based studies in the general community with limited clinical 

supervision. In particular, there is a risk of a deterioration in asthma control with treatment 

reduction or removal, and this was therefore not possible. 

Another limitation was that, although assessing a range of pathways using different tests and 

approaches, the individual studies described in Chapters 3, 4, and 5 assessed these pathways 

or tests individually, rather than in combination. This was because, in many cases, there was 

not a complete dataset for all tests or samples for all participants; for example, many 

individuals had HRV data but no capsaicin challenge data, or vice versa. As a result, it was 

often not possible to examine associations between different tests (such as between HRV 

analysis and capsaicin challenge response), or the interaction between neural pathways and 

airway remodelling or inflammation. The exceptions are the examination of associations 

between neural pathways and inflammation in Chapters 3 and 4, and the association between 
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mediators associated with inflammatory, neural and remodelling pathways in Chapter 5. As 

discussed in 7.4.1, a comprehensive multidimensional analysis combining data representing 

aspects of the clinical, immunological, and non-inflammatory pathways would potentially 

provide a greater understanding of the heterogeneity and underlying pathophysiology of 

asthma, and the interplay between different processes in individual patients. 

The study population was recruited from either a previous birth cohort study (NZA2CS 

study)484 or through separate community-based recruitment. It is possible that recruiting 

through two different sources may have contributed to differences in population 

characteristics. In particular, asthmatics recruited from the NZA2CS birth cohort study were 

actively followed-up and provided with asthma educational material (as well as a written 

asthma action plan) throughout their involvement in the cohort. This may have modified their 

knowledge, treatment adherence, and/or self-management of asthma symptoms and attacks. 

As a result, these participants may potentially have had better outcomes such as more 

adequately controlled asthma, fewer exacerbations, or lower levels of airway inflammation 

compared with those recruited from the general community. However, it is unlikely that 

recruitment source may have affected study findings, as the current study was conducted 

several years after participants were actively engaged in the NZA2CS study, and although not 

described in each chapter, analyses were repeated and stratified by recruitment source. This 

generally showed similar results to those observed when the group were assessed as a whole 

and did not find significant differences between characteristics of asthmatics recruited from 

the two sources, suggesting that the results were robust and not biased by recruitment. 

The majority of the studies described in this thesis were cross-sectional. In particular, all tests 

which assessed neural pathways or soluble mediators were only conducted at one single point 

in time. As a result, in most cases, it was not possible to assess temporal variability and 
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reproducibility of these findings. While some tests such as capsaicin response and HRV 

analysis, have been shown to have a high degree of reproducibility,383,507 assessment of 

mediators in biological fluids has been suggested to show considerable variability over 

time.585 Hence a single measurement of mediators may not be adequate, and it is possible that 

at the time of sampling, mediator levels may not be representative of a situation involving an 

acute exacerbation, or a well-controlled period. The same limitation also applies to 

inflammatory cells in the airways. As discussed in section 2.4.1.3, several studies have 

reported considerable longitudinal variation in sputum eosinophil and neutrophil differential 

cell counts,467,556 despite other studies finding that inflammatory phenotypes are relatively 

stable.180,422 As with assessing mediators, a single assessment may therefore not be or 

adequate for the assessment of asthma inflammatory phenotypes or, indeed, the assessment of 

any type of pathophysiological features in asthma. However, it is possible that phenotypes 

may actually not be static, and that any temporal variance observed may reflect the phenotype 

at that particular time, similar to temporal changes in asthma symptoms and/or airway 

obstruction. If true, it is important to assess associations with other outcomes around the same 

time as when sputum induction testing is conducted as was done in the current study, thus 

reducing the risk of phenotype misclassification. Whether other outcomes (e.g. sensitivity to 

a capsaicin challenge) show the same temporal variance remains unclear and requires further 

longitudinal assessments. 

Another issue that may affect the interpretation of the results is that 76% of asthmatic 

participants were using asthma medication (β-agonists and/or ICS). Both medications can 

alter capsaicin response,392 HRV parameters, airway inflammation and sputum mediator 

levels,586 all potentially through different pathways. Ideally, participants who used 

medication that have the potential to alter test outcomes should have withhold treatment prior 

to these tests. However, as participants were recruited from the general community, this was 
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not an option due to safety concerns. Although this is a limitation, results suggest that this 

may not have materially affected the results described in this thesis. In particular, there were 

no significant differences in treatment between EA and NEA suggesting that differences 

observed between these two groups are unlikely due to medication-use, although the NEA 

group was slightly less likely (not statistically significant) to use asthma medication (either β-

agonist or ICS). To further clarify the role of asthma medication, a sensitivity analysis was 

conducted including only asthmatics who used asthma treatment (as described in chapters 3, 

4 and 5). These analyses found similar results to the main study findings, indicating that our 

findings were robust and unlikely to be affected by asthma medication. 
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7.4 Recommendations for future research 

Although this research has provided important insights into the role of alternative (e.g. 

neural) pathways in asthma, particularly in NEA and in young well controlled asthmatics, the 

limitations (as described above), and the relative scarcity of literature in this area means that 

further research is needed. Based on the work described in this thesis, there are several 

avenues that future research could take. 

7.4.1 Multidimensional approaches 

As discussed in section 2.1.6, most previous studies assessing underlying asthma pathology 

have been relatively one-dimensional, often focusing on one specific mechanism i.e. 

inflammation. While these studies have provided considerable insight, they have often failed 

to capture the full extent of asthma heterogeneity. To address this issue, future studies should 

ideally adopt a more comprehensive and multidimensional approach; integrating multiple 

factors and pathologies, and involving assessment of a range of clinical, pathological, 

pathophysiological, genetic, and molecular characteristics. 

As an example of this approach, a multi-centre study (involving the Research Centre for 

Hauora and Health, Massey University, Wellington, and three other centres representing low 

and middle-income countries) is currently underway. This study aims to assess various 

aspects of asthma including clinical characteristics, inflammatory markers and underlying 

mechanisms such as non-inflammatory (e.g. neural) and inflammatory pathways in 640 

young people across four centres, with considerable variation in demographics, income, 

exposures, asthma prevalence, and asthma characteristics between centres. Other examples of 

large-scale, multicentre studies that adopt a multidimensional approach include the "Severe 
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Asthma Research Program" (SARP)587 and the Unbiased BIOmarkers for the Prediction of 

Respiratory Disease Outcomes" (U-BIOPRED) project.588 These studies involve the 

integration of various dimensions of data including clinical features, inflammatory 

biomarkers, genomic and genetic data, imaging techniques such as CT scan and, treatment 

response to gain a comprehensive understanding of severe asthma and identify specific traits 

associated with different asthma phenotypes. However, although multidimensional, these 

studies are still primarily focussed on the role of inflammation in asthma pathology. 

Larger sized multidimensional studies such as these (when compared with many earlier 

studies) but with increased focus on alternative pathologies (i.e. non-inflammatory 

mechanism) - possibly using techniques such as unsupervised cluster analysis141 or principal 

component analysis589- are likely to enable a more comprehensive examination of the 

underlying mechanisms in different asthma phenotypes whilst at the same time providing 

greater power. Data from such multidimensional studies are also likely to provide clearer 

answers to some of the questions raised by the research in this thesis and could be used to 

identify and define novel phenotypes or identify new potential treatable traits.561 

7.4.2 Assessment of sensory nerve reactivity 

As described in Chapter 3, capsaicin challenge testing showed an enhanced sensory nerve 

response in NEA, suggesting that TRPV1 may be important in this phenotype. However, as 

only capsaicin was used in these tests, it is not clear whether enhanced sensory nerve 

reactivity is limited to the involvement of TRPV1 receptor pathways590 or if other sensory 

pathways may also play a role. Several studies in guinea pigs have shown considerable 

heterogeneity in sensory nerve response to different agents such as citric acid, nicotine, or 

capsaicin, which activate different afferent fibres such as delta-fibres or RAR receptors.591,592 
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However, very few have assessed the heterogeneity in sensory nerve response in humans. 

Future studies could assess multiple aspects of sensory nerve reactivity using different tussive 

agents that act through different TRP channels or pathways. While citric acid and capsaicin 

are known to act through the TRPV1 expressing C-fibres, histamine and mannitol act through 

the Aδ-fibres, and adenosine triphosphate acts through both.593 This approach (i.e. sensory 

reactivity testing using multiple agents) would clarify whether asthmatics, particularly NEA, 

show heterogeneity in response to different tussive agents. One could speculate that patterns 

of response to different stimuli may differentiate between different asthma phenotypes, or 

identify specific response-based phenotypes, with specific novel treatable traits (as described 

above). Such studies may also further the understanding of the specific afferent nerves and 

neural pathways mediating cough and cough reflex sensitisation. 

7.4.2.1 Identifying specific exposures and molecular mechanisms underlying sensory 

nerve reactivity 

In addition to assessing different agents that activate specific afferent nerves or receptors, 

future studies could assess environmental stimuli that may sensitise the cough reflex to other 

tussive stimuli. To do this, birth cohort or longitudinal infant studies may be the most 

appropriate approach. After baseline assessment (soon after birth), this population would be 

followed for ongoing assessment of symptoms, infections, living conditions, and 

environmental exposures (air pollution, tobacco smoke, etc). This could identify specific 

exposures associated with different aspects of sensory nerve reactivity and related asthma 

symptoms. A similar cohort approach could be conducted in an occupational setting to 

identify specific occupational exposures (e.g. dust, metal fumes, etc) leading to sensory 

reactivity. 
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Finally, to determine if enhanced sensory nerve reactivity is due to central or peripheral 

activation, future studies could assess neural activation during cough challenge using 

neuroimaging techniques (e.g. fMRI) or neurophysiological assessments (e.g. nerve 

conduction studies). Using these or similar approaches, it may be possible to determine the 

specific neural pathways and brain regions involved in processing cough signals and 

activated in response to tussive challenge agents, which would potentially unravel the 

mechanisms of enhanced sensory nerve reactivity, (e.g. the interplay between central and 

peripheral activation) and provide novel therapeutic targets to explore for cough control 

(discussed in section 7.4.2.2). 

7.4.2.2 Developing therapeutic targets 

Future studies aimed at identifying novel pathways or treatable traits, as discussed above, will 

be useful in guiding the development of tailored therapies for newly identified phenotypes, 

such as those responding to particular tussive challenges. Although speculative, therapies 

targeting the mechanisms responsible for neural sensitisation could potentially reduce the 

heightened state of responsiveness of afferent nerves seen in sensory nerve hyperreactivity. 

This would be more attractive than inhibiting nerve activation, which could possibly suppress 

a key airway defence mechanism.454 Alternatively, specifically targeting the peripheral 

receptors of sensory nerves may be a better approach for potentially treating airway sensory 

reactivity. There are already some promising therapeutics in development for the treatment of 

cough such as TRPV1 antagonists, selective cannabinoid agonists, and P2X3 antagonists.594 

These could be assessed in the treatment of asthma, in particular in the NEA group that 

appears most associated with increased sensory nerve reactivity. 
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7.4.3 Assessment of autonomic activity 

Although we found no evidence of autonomic imbalance in young asthmatics with relatively 

well-controlled asthma, it is possible that given the complexity of the ANS, HRV 

measurement alone is not a sensitive enough tool to accurately interrogate the function of 

specific ANS branches. Future studies using a more comprehensive battery of tools may 

allow better evaluation of the autonomic activity. An example of such an approach would be 

conducting the Ewing test battery. This  is a collection of five standardised tests including 

heart rate response to deep breathing, Valsalva maneuvre, heart rate response to standing, 

blood pressure response to standing, and sudomotor function testing. This battery evaluates 

various aspects of autonomic function, including cardiovascular reflexes, sweating, and 

sympathetic function.351 In addition to this battery of tests, neuroimaging techniques such as 

an electroencephalogram (EEG) or fMRI could potentially be used to study brain activation 

patterns in response to asthma-related challenges or symptom perception.476 Alternatively, as 

HRV is only a proxy indicator of ANS airway regulation (as discussed above and in 7.2.3), 

measurement of airway resistance, suggested to specifically represent bronchial vagal activity 

of the bronchi,595 may be another useful approach.  

As many previous studies have been relatively small and involved selected groups,257,364 

future studies assessing autonomic activity in asthma would ideally involve a large, 

heterogenous population of asthmatics. Finally, as β-agonist use may be associated with 

changes in HRV measurements (Chapter 3), ideally studies would be conducted during 

periods when β-agonists have not been used. 
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7.4.4 Nociceptin assessment 

As discussed in Chapter 5, increased sputum nociceptin levels were found in asthma, 

indicating a potential involvement of nociceptin in asthma pathology, particularly with 

eosinophilic inflammation. Further investigations are needed to understand the precise role of 

nociceptin in asthma pathology and determine the cellular source of nociceptin in the 

airways. Although, it is currently difficult to assess whether nociceptin is produced by airway 

nerves without conducting biopsies, future studies using techniques such as flow cytometry, 

immunohistochemistry, in situ hybridisation could potentially be used to determine whether 

airway inflammatory cells express the N/OFQ receptor or secrete nociceptin, and to assess 

cellular nociceptin secretion patterns. A recent example of such an approach assessed real-

time nociceptin release from single blood-derived granulocytes using transfected Chinese 

Hamster Ovary cells.596 

Further understanding of the exact role of the nociceptin receptor and nociceptin secretion in 

asthma may also potentially serve as a platform to develop novel pharmacologic agents. 

Future clinical trials assessing the effect of exogenous nociceptin in reduction of 

inflammation or bronchoconstriction (as has previously been suggested in mice525 and guinea 

pigs)528 could be undertaken. If such studies clearly showed that nociceptin has clinical 

bronchodilatory or immunomodulatory effects, then putative asthma therapies could involve 

nociceptin receptor agonists (to upregulate nociceptin secretion) or administration of 

exogenous nociceptin (to reduce bronchoconstriction and airway inflammation). 
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7.4.5 Assessment of airway remodelling 

As discussed in 2.3.2, current methods for assessment of airway remodelling are generally 

very difficult and invasive (e.g. biopsy), or may not only represent remodelling (e.g. mediator 

assessment). As an alternative, non-invasive imaging technologies such as such as HRCT 

have been proposed for assessment of remodelling.341 However, these methods have not been 

fully validated for this purpose and are difficult to conduct in large populations or 

community-based settings. Despite these challenges, in the absence of feasible alternatives, 

further development, validation, and use of such imaging methods described in asthma 

populations with different underlying pathologies and phenotypes may at least improve our 

understanding of airway remodelling and its role in the development of asthma. 

7.4.6 Assessing differential treatment response 

As discussed in Chapter 6, the identification of a sub-group of asthmatics responding to IB 

rather than salbutamol warrants further studies, possibly in larger populations, to identify 

asthmatics who may benefit from IB treatment. This is important, as it may potentially be a 

large number of asthmatics globally (even if the relative proportion is small). Larger studies 

would also provide more power to identify traits that may be associated with this differential 

response. In particular, it is not clear which (if any) pathophysiological characteristics may be 

associated. If larger studies consistently showed that a subgroup of asthmatics showed a 

better response to IB, future studies could employ differential treatment to define a new 

characteristic for phenotyping, or as a treatable trait. 
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7.4.7  Longitudinal assessments 

As discussed in section 7.3, cross-sectional studies have a number of limitations, and as 

asthma is by nature a highly variable disorder,2 the complexities underlying this variability 

are unlikely to be determined using a single assessment. Inflammatory phenotypes or 

underlying mechanisms (either alone or in combination) may change over time either due to 

the variable nature of asthma, or due to e.g. ICS use, specific exposures, viral infections, or 

exacerbations.470 If possible/feasible, future studies would ideally use a longitudinal study 

design. For example, a detailed assessment of clinical, inflammatory, and non-inflammatory 

characteristics could be assessed at multiple time points (with at least one assessment prior to 

treatment) to better understand the nature of this variability and relationships between clinical 

and pathophysiological characteristics. However, such an approach comes with additional 

logistics and significant financial costs. 

7.4.8 Standardisation and collaboration 

A considerable challenge in the assessment of many aspects of asthma, but in particular 

unconventional pathways such as neural mechanisms, is the paucity of standardised 

approaches and guidelines. In addition, few large or international collaborative studies have 

been conducted specifically focusing on these pathways. Using sensory nerve reactivity as an 

example, a number of different methods have been used, limiting comparisons between 

studies.380 Cough challenge testing is one of the most well characterised methods used, but 

several factors have hindered its use in clinical practice or large-scale research; these include 

lack of standardisation, the need for specialised equipment and technical expertise. However, 

if the procedure and agents used, were validated and standardised across several centres, it 

would allow valid assessment of patterns of cough response and prevalence of sensory nerve 
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reactivity across different geographical locations and different asthma phenotypes, thus 

contributing to more robust findings that may have wider applicability. As noted above, 

RCHH (with the author’s involvement) is currently involved in a multicentre study 

conducting a standardised capsaicin challenge protocol to evaluate sensory nerve reactivity in 

asthma across different countries (both high and low/medium income countries) and asthma 

populations. Similar multicentre collaborations would be useful for generating more robust 

scientific evidence regarding the importance of non-inflammatory pathways, such as sensory 

nerve reactivity, in asthma. 

7.5 Conclusions 

This thesis describes a body of work examining how pathways or markers associated with 

neural function, airway remodelling, and inflammation contribute to the pathophysiology of 

different inflammatory phenotypes. The research herein contributes to the relatively small 

body of literature assessing non-inflammatory mechanisms in asthma. It also highlights the 

importance of recognising the heterogeneity underlying asthma pathology, and the need for 

personalised approaches to improve asthma management and outcomes, particularly for those 

with NEA. The study findings provide support for the following conclusions, which directly 

relate to the aims of this thesis (Chapter 1): 

1) Differences in some aspects of neural regulation exist between EA, NEA, and non-

asthmatics. In particular, airway sensory nerve reactivity may play an important role 

in the pathophysiology of NEA, and nociceptin may be involved in the 

pathophysiology of asthma, particularly EA. However, autonomic nervous activity 

was not associated with asthma, EA, or NEA, when compared with non-asthmatics 

(Aim I). 
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2) Sensory nerve reactivity or autonomic activity are not associated with specific 

inflammatory or clinical characteristics in either EA or NEA (despite the observed 

association with NEA). However, levels of some sputum neural mediators are 

significantly associated with airway inflammation markers (Aim II). 

3) Some remodelling mediators (such as periostin and VEGF-A) may be involved in EA, 

but do not appear to be important in NEA (Aim III). 

4) Airway remodelling and inflammation appear to occur concurrently, as observed in 

EA (Aim IV). 

5) There was no evidence of a differential response to IB in NEA (Aim V). 

Some of the approaches highlighted and used in this thesis, such as classifying and 

characterising asthmatics on the basis of physiological responses to specific agents, or 

employing multiple approaches to assess alternative pathophysiology, may prove more 

valuable in identifying novel treatable traits or pathophysiological mechanisms than focusing 

on inflammation alone, as we have done for the past half century. It is hoped that by adopting 

such a comprehensive approach in future research we will be able to improve understanding 

about the primary causes of asthma and pave the way for improved personalised treatment 

options and associated reduced asthma burden. 

  



 

 

177 

 

References 

1. World Health Organization: Asthma; cited 2023. Available from: https://who.int/news-

room/fact-sheets/detail/asthma. 

2. Global Initiative for Asthma: Global Strategy for Asthma Management and Prevention; 

cited 2023. Available from: https://ginasthma.org. 

3. Asher I, Haahtela T, Selroos O, Ellwood P, Ellwood E. Global Asthma Network survey 

suggests more national asthma strategies could reduce burden of asthma. Allergol 

Immunopathol. 2017;45:105-14. 

4. Beasley R, Beckert L, Fingleton J, Hancox RJ, Harwood M, Hurst M, et al. Asthma and 

Respiratory Foundation NZ Adolescent and Adult Asthma Guidelines 2020: a quick 

reference guide. NZ Med J. 2020;133:73-99. 

5. Barnard LT, Zhang J. The impact of respiratory disease in New Zealand: 2020 update. 

University of Otago: Dunedin, New Zealand. 2021;1:1-5. 

6. Loo SL, Wark PA. Recent advances in understanding and managing asthma. F1000Res. 

2016;5:20-52. 

7. Dharmage SC, Perret JL, Custovic A. Epidemiology of asthma in children and adults. 

Front Pediatr. 2019;7:246. 

8. Habib N, Pasha MA, Tang DD. Current understanding of asthma pathogenesis and 

biomarkers. Cells. 2022;11:27-64. 

9. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After asthma: 

redefining airways diseases. The Lancet. 2018;391:350-400. 

10. Rackemann FM. A clinical study of one hundred and fifty cases of bronchial asthma. 

Archives of Internal Medicine. 1918;XXII:517-52. 

11. Rackemann FM. A working classification of asthma. Am J Med. 1947;3:601-6. 

12. Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease. Nat Rev 

Immunol. 2008;8:183-92. 

13. Douwes J, Gibson P, Pekkanen J, Pearce N. Non-eosinophilic asthma: importance and 

possible mechanisms. Thorax. 2002;57:643-8. 

14. Holgate ST. Pathogenesis of asthma. Clin Exp Allergy. 2008;38:872-97. 

15. Wenzel SE. Asthma: defining of the persistent adult phenotypes. The Lancet. 

2006;368:804-13. 

16. Robinson D, Humbert M, Buhl R, Cruz AA, Inoue H, Korom S, et al. Revisiting Type 

2-high and Type 2-low airway inflammation in asthma: current knowledge and 

therapeutic implications. Clin Exp Allergy. 2017;47:161-75. 

17. Niessen NM, Fricker M, McDonald VM, Gibson PG. T2-low: what do we know?: Past, 

present, and future of biologic therapies in noneosinophilic asthma. Ann Allergy 

Asthma Immunol. 2022;129:150-9. 

18. Bhakta NR, Woodruff PG. Human asthma phenotypes: from the clinic, to cytokines, 

and back again. Immunol Rev. 2011;242:220-32. 

19. Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, et al. Treatable 

traits: toward precision medicine of chronic airway diseases. Eur Respir J. 

2016;47:410-9. 

20. Simpson JL, Scott R, Boyle MJ, Gibson PG. Inflammatory subtypes in asthma: 

assessment and identification using induced sputum. Respirology. 2006;11:54-61. 

21. Ronchetti R, Rennerova Z, Barreto M, Villa MP. The prevalence of atopy in asthmatic 

children correlates strictly with the prevalence of atopy among nonasthmatic children. 

Int Arch Allergy Immunol. 2007;142:79-85. 

https://who.int/news-room/fact-sheets/detail/asthma
https://who.int/news-room/fact-sheets/detail/asthma
https://ginasthma.org/


 

 

178 

 

22. Brooks CR, van Dalen CJ, Zacharasiewicz A, Simpson JL, Harper JL, Le Gros G, et al. 

Absence of airway inflammation in a large proportion of adolescents with asthma. 

Respirology. 2016;21:460-6. 

23. Canning BJ, Woo A, Mazzone SB. Neuronal modulation of airway and vascular tone 

and their influence on nonspecific airways responsiveness in asthma. J Allergy. 

2012;2012:108-49. 

24. Bergeron C, Tulic MK, Hamid Q. Airway remodelling in asthma: from benchside to 

clinical practice. Can Respir J. 2010;17:85-93. 

25. Douwes J, Brooks C, Pearce N. Stress and asthma: Hippocrates revisited. J Epidemiol 

Community Health. 2010;64:561-2. 

26. Holgate ST. A look at the pathogenesis of asthma: the need for a change in direction. 

Discov Med. 2010;9:439-47. 

27. Widdicombe JG. Overview of neural pathways in allergy and asthma. Pulm Pharmacol 

Ther. 2003;16:23-30. 

28. Barnes PJ. Overview of neural mechanisms in asthma. Pulm Pharmacol. 1995;8:151-9. 

29. Trankner D, Hahne N, Sugino K, Hoon MA, Zuker C. Population of sensory neurons 

essential for asthmatic hyperreactivity of inflamed airways. Proc Natl Acad Sci U S A. 

2014;111:1515-20. 

30. Talbot S, Abdulnour RE, Burkett PR, Lee S, Cronin SJ, Pascal MA, et al. Silencing 

nociceptor neurons reduces allergic airway inflammation. Neuron. 2015;87:341-54. 

31. Nassenstein C, Krasteva-Christ G, Renz H. New aspects of neuroinflammation and 

neuroimmune crosstalk in the airways. J Allergy Clin Immunol. 2018;142:1415-22. 

32. Imamachi N, Park GH, Lee H, Anderson DJ, Simon MI, Basbaum AI, et al. TRPV1-

expressing primary afferents generate behavioral responses to pruritogens via multiple 

mechanisms. Proc Natl Acad Sci U S A. 2009;106:11330-5. 

33. Myers AC, Undem BJ, Weinreich D. Influence of antigen on membrane properties of 

guinea pig bronchial ganglion neurons. J Appl Physiol. 1991;71:970-6. 

34. Kistemaker LEM, Prakash YS. Airway innervation and plasticity in asthma. 

Physiology. 2019;34:283-98. 

35. Pavon-Romero GF, Serrano-Perez NH, Garcia-Sanchez L, Ramirez-Jimenez F, Teran 

LM. Neuroimmune pathophysiology in asthma. Front Cell Dev Biol. 2021;9:535-663. 

36. Hough KP, Curtiss ML, Blain TJ, Liu RM, Trevor J, Deshane JS, et al. Airway 

remodeling in asthma. Front Med. 2020;7:191-200. 

37. Holgate ST. Airway inflammation and remodeling in asthma: current concepts. Mol 

Biotechnol. 2002;22:179-89. 

38. Grainge CL, Lau LC, Ward JA, Dulay V, Lahiff G, Wilson S, et al. Effect of 

bronchoconstriction on airway remodeling in asthma. N Engl J Med. 2011;364:2006-

15. 

39. Malmstrom K, Pelkonen AS, Malmberg LP, Sarna S, Lindahl H, Kajosaari M, et al. 

Lung function, airway remodelling and inflammation in symptomatic infants: outcome 

at 3 years. Thorax. 2011;66:157-62. 

40. Saglani S, Lloyd CM. Novel concepts in airway inflammation and remodelling in 

asthma. Eur Respir J. 2015;46:1796-804. 

41. Gans MD, Gavrilova T. Understanding the immunology of asthma: Pathophysiology, 

biomarkers, and treatments for asthma endotypes. Paediatr Respir Rev. 2020;36:118-

27. 

42. Gosens R, Gross N. The mode of action of anticholinergics in asthma. Eur Respir J. 

2018;52:170-247. 

43. Braman SS. The global burden of asthma. Chest. 2006;130:4-12. 



 

 

179 

 

44. Holt S BR. The burden of asthma in New Zealand: Asthma and Respiratory Foundation 

of New Zealand; 2002. 

45. Asher MI, Rutter CE, Bissell K, Chiang C-Y, El Sony A, Ellwood E, et al. Worldwide 

trends in the burden of asthma symptoms in school-aged children: Global Asthma 

Network Phase I cross-sectional study. The Lancet. 2021;398:1569-80. 

46. Lai CK, Beasley R, Crane J, Foliaki S, Shah J, Weiland S. Global variation in the 

prevalence and severity of asthma symptoms: phase three of the International Study of 

Asthma and Allergies in Childhood (ISAAC). Thorax. 2009;64:476-83. 

47. Rodriguez A, Brickley E, Rodrigues L, Normansell RA, Barreto M, Cooper PJ. 

Urbanisation and asthma in low-income and middle-income countries: a systematic 

review of the urban-rural differences in asthma prevalence. Thorax. 2019;74:1020-30. 

48. Zein JG, Erzurum SC. Asthma is different in women. Curr Allergy Asthma Rep. 

2015;15:28. 

49. Kynyk JA, Mastronarde JG, McCallister JW. Asthma, the sex difference. Curr Opin 

Pulm Med. 2011;17:6-11. 

50. Fuhlbrigge AL, Jackson B, Wright RJ. Gender and asthma. Immunology and Allergy 

Clinics of North America. 2002;22:753-89. 

51. Almqvist C, Worm M, Leynaert B. Impact of gender on asthma in childhood and 

adolescence: a GA2LEN review. Allergy. 2008;63:47-57. 

52. Bahadori K, Doyle-Waters MM, Marra C, Lynd L, Alasaly K, Swiston J, et al. 

Economic burden of asthma: a systematic review. BMC Pulm Med. 2009;9:24. 

53. Kharaba Z, Feghali E, El Husseini F, Sacre H, Abou Selwan C, Saadeh S, et al. An 

assessment of quality of life in patients with asthma through physical, emotional, social, 

and occupational aspects. a cross-sectional study. Front Public Health. 2022;10:784-

883. 

54. Reddel HK, Taylor DR, Bateman ED, Boulet LP, Boushey HA, Busse WW, et al. An 

official American Thoracic Society/European Respiratory Society statement: asthma 

control and exacerbations: standardizing endpoints for clinical asthma trials and clinical 

practice. Am J Respir Crit Care Med. 2009;180:59-99. 

55. Guidelines for management of asthma in adults: Chronic persistent asthma. Statement 

by the British Thoracic Society, Research Unit of the Royal College of Physicians of 

London, King's Fund Centre, National Asthma Campaign. BMJ. 1990;301:651-3. 

56. Kaplan AG, Balter MS, Bell AD, Kim H, McIvor RA. Diagnosis of asthma in adults. 

Canadian Medical Association Journal 2009;181:210-20. 

57. Pekkanen J, Pearce N. Defining asthma in epidemiological studies. Eur Respir J. 

1999;14:951-7. 

58. Burney PG, Luczynska C, Chinn S, Jarvis D. The European community respiratory 

health survey. Eur Respir J. 1994;7:954-60. 

59. Asher MI, Keil U, Anderson HR, Beasley R, Crane J, Martinez F, et al. International 

Study of Asthma and Allergies in Childhood (ISAAC): rationale and methods. Eur 

Respir J. 1995;8:483-91. 

60. Pekkanen J, Sunyer J, Anto JM, Burney P. European Community Respiratory Health, 

Study: Operational definitions of asthma in studies on its aetiology. Eur Respir J. 

2005;26:28-35. 

61. Kemp T, Pearce N, Crane J, Beasley R. Problems of measuring asthma prevalence. 

Respirology. 1996;1:183-8. 

62. Fretzayas A, Moustaki M, Loukou I, Douros K. Differentiating vocal cord dysfunction 

from asthma. J Asthma Allergy. 2017;10:277-83. 



 

 

180 

 

63. Huang WC, Tsai YH, Wei YF, Kuo PH, Tao CW, Cheng SL, et al. Wheezing, a 

significant clinical phenotype of COPD: experience from the Taiwan Obstructive Lung 

Disease Study. Int J Chron Obstruct Pulmon Dis. 2015;10:2121-6. 

64. Tanabe T, Rozycki HJ, Kanoh S, Rubin BK. Cardiac asthma: new insights into an old 

disease. Expert Rev Respir Med. 2012;6:705-14. 

65. Jose BP, Camargos PA, Cruz Filho AA, Correa Rde A. Diagnostic accuracy of 

respiratory diseases in primary health units. Rev Assoc Med Bras 2014;60:599-612. 

66. Joseph-Bowen J, de Klerk NH, Firth MJ, Kendall GE, Holt PG, Sly PD. Lung function, 

bronchial responsiveness, and asthma in a community cohort of 6-year-old children. 

Am J Respir Crit Care Med. 2004;169:850-4. 

67. Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper BG, Hall GL, et al. 

Standardization of apirometry update. An official American Thoracic Society and 

European Respiratory Society technical statement. Am J Respir Crit Care Med. 

2019;200:70-88. 

68. Holgate ST, Wenzel S, Postma DS, Weiss ST, Renz H, Sly PD. Asthma. Nat Rev Dis 

Primers. 2015;1:15-25. 

69. Rogliani P, Ora J, Puxeddu E, Cazzola M. Airflow obstruction: is it asthma or is it 

COPD? Int J Chron Obstruct Pulmon Dis. 2016;11:3007-13. 

70. Galant SP, Morphew T, Amaro S, Liao O. Value of the bronchodilator response in 

assessing controller naive asthmatic children. J Pediatr. 2007;151:457-62. 

71. Tse SM, Gold DR, Sordillo JE, Hoffman EB, Gillman MW, Rifas-Shiman SL, et al. 

Diagnostic accuracy of the bronchodilator response in children. J Allergy Clin 

Immunol. 2013;132:554-9. 

72. Dundas I, Chan EY, Bridge PD, McKenzie SA. Diagnostic accuracy of bronchodilator 

responsiveness in wheezy children. Thorax. 2005;60:13-6. 

73. Liang BM, Lam DC, Feng YL. Clinical applications of lung function tests: a revisit. 

Respirology. 2012;17:611-9. 

74. McCormack MC, Enright PL. Making the diagnosis of asthma. Respir Care. 

2008;53:583-90. 

75. Levy ML. Is spirometry essential in diagnosing asthma? No. Br J Gen Pract. 

2016;66:485. 

76. Bel EH. Clinical phenotypes of asthma. Curr Opin Pulm Med. 2004;10:44-50. 

77. Quirt J, Hildebrand KJ, Mazza J, Noya F, Kim H. Asthma. Allergy Asthma Clin 

Immunol. 2018;14:50-65. 

78. Lusuardi M, De Benedetto F, Paggiaro P, Sanguinetti CM, Brazzola G, Ferri P, et al. A 

randomized controlled trial on office spirometry in asthma and COPD in standard 

general practice: data from spirometry in Asthma and COPD: a comparative evaluation 

Italian study. Chest. 2006;129:844-52. 

79. Brannan JD, Lougheed MD. Airway hyperresponsiveness in asthma: mechanisms, 

clinical significance, and treatment. Front Physiol. 2012;3:460. 

80. Boonpiyathad T, Sozener ZC, Satitsuksanoa P, Akdis CA. Immunologic mechanisms in 

asthma. Semin Immunol. 2019;46:101-333. 

81. Chapman DG, Irvin CG. Mechanisms of airway hyper-responsiveness in asthma: the 

past, present and yet to come. Clin Exp Allergy. 2015;45:706-19. 

82. Laitinen LA, Elkin RB, Empey DW, Jacobs L, Mills J, Nadel JA. Bronchial 

hyperresponsiveness in normal subjects during attenuated influenza virus infection. Am 

Rev Respir Dis. 1991;143:358-61. 

83. Lemanske RF, Dick EC, Swenson CA, Vrtis RF, Busse WW. Rhinovirus upper 

respiratory infection increases airway hyperreactivity and late asthmatic reactions. J 

Clin Invest. 1989;83:1-10. 



 

 

181 

 

84. Pattemore PK, Asher MI, Harrison AC, Mitchell EA, Rea HH, Stewart AW. The 

interrelationship among bronchial hyperresponsiveness, the diagnosis of asthma, and 

asthma symptoms. Am Rev Respir Dis. 1990;142:549-54. 

85. Saglani S, Bush A, Carroll W, Cunningham S, Fleming L, Gaillard E, et al. Biologics 

for paediatric severe asthma: trick or TREAT? Lancet Respir Med. 2019;7:294-6. 

86. Pearce N, Pekkanen J, Beasley R. How much asthma is really attributable to atopy? 

Thorax. 1999;54:268-72. 

87. Muthupalaniappen L, Jamil A. Prick, patch or blood test? A simple guide to allergy 

testing. Malays Fam Physician. 2021;16:19-26. 

88. Duong-Quy S. Clinical utility of the exhaled nitric oxide (no) measurement with 

portable devices in the management of allergic airway inflammation and asthma. J 

Asthma Allergy. 2019;12:331-41. 

89. Papi A, Blasi F, Canonica GW, Morandi L, Richeldi L, Rossi A. Treatment strategies 

for asthma: reshaping the concept of asthma management. Allergy Asthma Clin 

Immunol. 2020;16:75. 

90. Beasley R, Harrison T, Peterson S, Gustafson P, Hamblin A, Bengtsson T, et al. 

Evaluation of budesonide-formoterol for maintenance and reliever therapy among 

patients with poorly controlled asthma: A systematic review and meta-analysis. JAMA 

Netw Open. 2022;5:22-61. 

91. Juniper EF, O'Byrne PM, Guyatt GH, Ferrie PJ, King DR. Development and validation 

of a questionnaire to measure asthma control. Eur Respir J. 1999;14:902-7. 

92. Nathan RA, Sorkness CA, Kosinski M, Schatz M, Li JT, Marcus P, et al. Development 

of the asthma control test: a survey for assessing asthma control. J Allergy Clin 

Immunol. 2004;113:59-65. 

93. Khajotia R. Classifying asthma severity and treatment determinants: national guidelines 

revisited. Malays Fam Physician. 2008;3:131-6. 

94. Schatz M, Sorkness CA, Li JT, Marcus P, Murray JJ, Nathan RA, et al. Asthma Control 

Test: reliability, validity, and responsiveness in patients not previously followed by 

asthma specialists. J Allergy Clin Immunol. 2006;117:549-56. 

95. Rabe KF, Schmidt DT. Pharmacological treatment of asthma today. Eur Respir J. 

2001;34:34-40. 

96. Johnson M. Beta2-adrenoceptors: mechanisms of action of beta2-agonists. Paediatr 

Respir Rev. 2001;2:57-62. 

97. Ejiofor S, Turner AM. Pharmacotherapies for COPD. Clin Med Insights Circ Respir 

Pulm Med. 2013;7:17-34. 

98. Barnes PJ. Inhaled corticosteroids. Pharmaceuticals. 2010;3:514-40. 

99. Mostafa MM, Rider CF, Shah S, Traves SL, Gordon PMK, Miller-Larsson A, et al. 

Glucocorticoid-driven transcriptomes in human airway epithelial cells: commonalities, 

differences and functional insight from cell lines and primary cells. BMC Med 

Genomics. 2019;12:29. 

100. Aldridge RE, Hancox RJ, Robin Taylor D, Cowan JO, Winn MC, Frampton CM, et al. 

Effects of terbutaline and budesonide on sputum cells and bronchial 

hyperresponsiveness in asthma. Am J Respir Crit Care Med. 2000;161:1459-64. 

101. Cowan DC, Cowan JO, Palmay R, Williamson A, Taylor DR. Effects of steroid therapy 

on inflammatory cell subtypes in asthma. Thorax. 2010;65:384-90. 

102. Lake CD, Wong KKH, Perry CP, Koskela HO, Brannan JD. Daily inhaled 

corticosteroids treatment abolishes airway hyperresponsiveness to mannitol in defence 

and police recruits. Front Allergy. 2022;3:864-90. 

103. Barnes PJ. Efficacy of inhaled corticosteroids in asthma. J Allergy Clin Immunol. 

1998;102:531-8. 



 

 

182 

 

104. Svenningsen S, Nair P. Asthma endotypes and an overview of targeted therapy for 

asthma. Front Med. 2017;4:158-9. 

105. Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, et al. International 

ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. Eur 

Respir J. 2014;43:343-73. 

106. Ducharme FM, Ni Chroinin M, Greenstone I, Lasserson TJ. Addition of long-acting 

beta2-agonists to inhaled steroids versus higher dose inhaled steroids in adults and 

children with persistent asthma. Cochrane Database Syst Rev. 2010;1:53-5. 

107. O'Byrne PM, Gauvreau GM, Brannan JD. Provoked models of asthma: what have we 

learnt? Clin Exp Allergy. 2009;39:181-92. 

108. Canonica GW, Blasi F, Paggiaro P, Senna G, Passalacqua G, Spanevello A, et al. Oral 

corticosteroids sparing with biologics in severe asthma: A remark of the Severe Asthma 

Network in Italy (SANI). World Allergy Organization Journal. 2020;13:100-464. 

109. Corren J, Weinstein S, Janka L, Zangrilli J, Garin M. Phase III Study of reslizumab in 

patients with poorly controlled asthma: effects across a broad range of eosinophil 

counts. Chest. 2016;150:799-810. 

110. Edris A, De Feyter S, Maes T, Joos G, Lahousse L. Monoclonal antibodies in type 2 

asthma: a systematic review and network meta-analysis. Respir Res. 2019;20:179-80. 

111. Stern J, Pier J, Litonjua AA. Asthma epidemiology and risk factors. Semin Immunol. 

2020;42:5-15. 

112. Beasley R, Semprini A, Mitchell EA. Risk factors for asthma: is prevention possible? 

The Lancet. 2015;386:1075-85. 

113. Willis-Owen SAG, Cookson WOC, Moffatt MF. The genetics and genomics of asthma. 

Annu Rev Genomics Hum Genet. 2018;19:223-46. 

114. Arruda LK, Sole D, Baena-Cagnani CE, Naspitz CK. Risk factors for asthma and 

atopy. Curr Opin Allergy Clin Immunol. 2005;5:153-9. 

115. Gergen PJ, Mitchell HE, Calatroni A, Sever ML, Cohn RD, Salo PM, et al. 

Sensitization and exposure to pets: The effect on asthma morbidity in the us population. 

J Allergy Clin Immunol Pract. 2018;6:101-7. 

116. Guerra S, Martinez FD. Asthma genetics: from linear to multifactorial approaches. 

Annu Rev Med. 2008;59:327-41. 

117. Burke W, Fesinmeyer M, Reed K, Hampson L, Carlsten C. Family history as a 

predictor of asthma risk. Am J Prev Med. 2003;24:160-9. 

118. Kusel MM, de Klerk NH, Kebadze T, Vohma V, Holt PG, Johnston SL, et al. Early-life 

respiratory viral infections, atopic sensitization, and risk of subsequent development of 

persistent asthma. J Allergy Clin Immunol. 2007;119:1105-10. 

119. Ball TM, Castro-Rodriguez JA, Griffith KA, Holberg CJ, Martinez FD, Wright AL. 

Siblings, day-care attendance, and the risk of asthma and wheezing during childhood. N 

Engl J Med. 2000;343:538-43. 

120. Rosa MJ, Lee AG, Wright RJ. Evidence establishing a link between prenatal and early-

life stress and asthma development. Curr Opin Allergy Clin Immunol. 2018;18:148-58. 

121. Wright RJ, Fisher K, Chiu YH, Wright RO, Fein R, Cohen S, et al. Disrupted prenatal 

maternal cortisol, maternal obesity, and childhood wheeze. Insights into prenatal 

programming. Am J Respir Crit Care Med. 2013;187:1186-93. 

122. Farquhar H, Crane J, Mitchell EA, Eyers S, Beasley R. The acetaminophen and asthma 

hypothesis 10 years on: A case to answer. J Allergy Clin Immunol. 2009;124:649-51. 

123. Penders J, Kummeling I, Thijs C. Infant antibiotic use and wheeze and asthma risk: a 

systematic review and meta-analysis. Eur Respir J. 2011;38:295-302. 

124. Hall SC, Agrawal DK. Vitamin D and bronchial asthma: An overview of data from the 

past 5 years. Clin Ther. 2017;39:917-29. 



 

 

183 

 

125. Yurt M, Liu J, Sakurai R, Gong M, Husain SM, Siddiqui MA, et al. Vitamin D 

supplementation blocks pulmonary structural and functional changes in a rat model of 

perinatal vitamin D deficiency. Am J Physiol Lung Cell Mol Physiol. 2014;307:859-67. 

126. Mitchell EA, Beasley R, Keil U, Montefort S, Odhiambo J. The association between 

tobacco and the risk of asthma, rhinoconjunctivitis and eczema in children and 

adolescents: analyses from Phase Three of the ISAAC programme. Thorax. 

2012;67:941-9. 

127. Pomes A, Glesner J, Calatroni A, Visness CM, Wood RA, O'Connor GT, et al. 

Cockroach allergen component analysis of children with or without asthma and rhinitis 

in an inner-city birth cohort. J Allergy Clin Immunol. 2019;144:935-44. 

128. Harju M, Keski-Nisula L, Georgiadis L, Heinonen S. Parental smoking and cessation 

during pregnancy and the risk of childhood asthma. BMC Public Health. 2016;16:428. 

129. Kogevinas M, Zock JP, Jarvis D, Kromhout H, Lillienberg L, Plana E, et al. Exposure 

to substances in the workplace and new-onset asthma: an international prospective 

population-based study (ECRHS-II). The Lancet. 2007;370:336-41. 

130. Marmot M, Allen J, Bell R, Bloomer E, Goldblatt P. WHO European review of social 

determinants of health and the health divide. The Lancet. 2012;380:1011-29. 

131. Gehring U, Strikwold M, Schram-Bijkerk D, Weinmayr G, Genuneit J, Nagel G, et al. 

Asthma and allergic symptoms in relation to house dust endotoxin: Phase Two of the 

ISAAC programme. Clin Exp Allergy. 2008;38:1911-20. 

132. Haahtela T, Laatikainen T, Alenius H, Auvinen P, Fyhrquist N, Hanski I, et al. Hunt for 

the origin of allergy - comparing the Finnish and Russian Karelia. Clin Exp Allergy. 

2015;45:891-901. 

133. Weinmayr G, Forastiere F, Buchele G, Jaensch A, Strachan DP, Nagel G, et al. 

Overweight/obesity and respiratory and allergic disease in children: Phase II of the 

ISAAC programme. PLoS One. 2014;9:1139-96. 

134. Nagel G, Weinmayr G, Kleiner A, Garcia-Marcos L, Strachan DP, Group IPTS. Effect 

of diet on asthma and allergic sensitisation in the Phase Two of the ISAAC programme. 

Thorax. 2010;65:516-22. 

135. Nurmatov U, Devereux G, Sheikh A. Nutrients and foods for the primary prevention of 

asthma and allergy: systematic review and meta-analysis. J Allergy Clin Immunol. 

2011;127:724-33. 

136. Douwes J, Pearce N. Invited commentary: is indoor mold exposure a risk factor for 

asthma? Am J Epidemiol. 2003;158:203-6. 

137. Rossall M, Cadden P, Kolsum U, Singh D. A comparison of the clinical and induced 

sputum characteristics of early- and late-onset asthma. Lung. 2012;190:459-62. 

138. Payne D, Bush A. Phenotype-specific treatment of difficult asthma in children. Paediatr 

Respir Rev. 2004;5:116-23. 

139. Padem N, Saltoun C. Classification of asthma. Allergy Asthma Proc. 2019;40:385-8. 

140. Haldar P, Pavord ID, Shaw DE, Berry MA, Thomas M, Brightling CE, et al. Cluster 

analysis and clinical asthma phenotypes. Am J Respir Crit Care Med. 2008;178:218-24. 

141. Deliu M, Sperrin M, Belgrave D, Custovic A. Identification of asthma subtypes using 

clustering methodologies. Pulm Ther. 2016;2:19-41. 

142. Hilvering B, Vijverberg, S., Houben, L., Schweizer, R., Lammers, J. W., & 

Koenderman, L. . The identification of asthma phenotypes by categorical PCA: 

Combinatorial analysis of clinical parameters and dysfunctional blood eosinophils. Eur 

Respir J. 2014;44:30-6. 

143. Pillai SG, Tang Y, van den Oord E, Klotsman M, Barnes K, Carlsen K, et al. Factor 

analysis in the Genetics of Asthma International Network family study identifies five 

major quantitative asthma phenotypes. Clin Exp Allergy. 2008;38:421-9. 



 

 

184 

 

144. Kim TB. Is a longitudinal trajectory helpful in identifying phenotypes in asthma? 

Allergy Asthma Immunol Res. 2018;10:571-4. 

145. Siroux V, Basagana X, Boudier A, Pin I, Garcia-Aymerich J, Vesin A, et al. Identifying 

adult asthma phenotypes using a clustering approach. Eur Respir J. 2011;38:310-7. 

146. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al. Identification of 

asthma phenotypes using cluster analysis in the Severe Asthma Research Program. Am 

J Respir Crit Care Med. 2010;181:315-23. 

147. Kuruvilla ME, Lee FE, Lee GB. Understanding asthma phenotypes, endotypes, and 

mechanisms of disease. Clin Rev Allergy Immunol. 2019;56:219-33. 

148. Agache I, Akdis C, Jutel M, Virchow JC. Untangling asthma phenotypes and 

endotypes. Allergy. 2012;67:835-46. 

149. Hizawa N. The understanding of asthma pathogenesis in the era of precision medicine. 

Allergol Int. 2023;72:3-10. 

150. Stemeseder T, Klinglmayr E, Moser S, Lang R, Himly M, Oostingh GJ, et al. Influence 

of intrinsic and lifestyle factors on the development of ige sensitization. Int Arch 

Allergy Immunol. 2017;173:99-104. 

151. Arbes SJ, Jr., Gergen PJ, Vaughn B, Zeldin DC. Asthma cases attributable to atopy: 

results from the Third National Health and Nutrition Examination Survey. J Allergy 

Clin Immunol. 2007;120:1139-45. 

152. Schoefer Y, Schafer T, Meisinger C, Wichmann HE, Heinrich J, group Ks. Predictivity 

of allergic sensitization (RAST) for the onset of allergic diseases in adults. Allergy. 

2008;63:81-6. 

153. Pearce N, Douwes J, Beasley R. Is allergen exposure the major primary cause of 

asthma? Thorax. 2000;55:424-31. 

154. McClain S, Bowman C, Fernandez-Rivas M, Ladics GS, Ree R. Allergic sensitization: 

food- and protein-related factors. Clin Transl Allergy. 2014;4:11. 

155. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation. Nature. 

2008;454:445-54. 

156. Humeniuk P, Dubiela P, Hoffmann-Sommergruber K. Dendritic cells and their role in 

allergy: Uptake, proteolytic processing and presentation of allergens. Int J Mol Sci. 

2017;18. 

157. Jurewicz MM, Stern LJ. Class II MHC antigen processing in immune tolerance and 

inflammation. Immunogenetics. 2019;71:171-87. 

158. Hammad H, Lambrecht BN. Dendritic cells and airway epithelial cells at the interface 

between innate and adaptive immune responses. Allergy. 2011;66:579-87. 

159. Cousins DJ, Lee TH, Staynov DZ. Cytokine coexpression during human Th1/Th2 cell 

differentiation: direct evidence for coordinated expression of Th2 cytokines. J 

Immunol. 2002;169:2498-506. 

160. Galli SJ, Kalesnikoff J, Grimbaldeston MA, Piliponsky AM, Williams CM, Tsai M. 

Mast cells as "tunable" effector and immunoregulatory cells: recent advances. Annu 

Rev Immunol. 2005;23:749-86. 

161. Mendez-Enriquez E, Hallgren J. Mast cells and their progenitors in allergic asthma. 

Front Immunol. 2019;10:821-2. 

162. Gould HJ, Sutton BJ. IgE in allergy and asthma today. Nat Rev Immunol. 2008;8:205-

17. 

163. Hall SC, Agrawal DK. Key mediators in the immunopathogenesis of allergic asthma. 

Int Immunopharmacol. 2014;23:316-29. 

164. Murdoch JR, Lloyd CM. Chronic inflammation and asthma. Mutat Res. 2010;690:24-

39. 



 

 

185 

 

165. van Hove CL, Maes T, Joos GF, Tournoy KG. Chronic inflammation in asthma: a 

contest of persistence vs resolution. Allergy. 2008;63:1095-109. 

166. Doherty T, Broide D. Cytokines and growth factors in airway remodeling in asthma. 

Curr Opin Immunol. 2007;19:676-80. 

167. McBrien CN, Menzies-Gow A. The biology of eosinophils and their role in asthma. 

Front Med. 2017;4:93-7. 

168. Nakagome K, Nagata M. Involvement and possible role of eosinophils in asthma 

exacerbation. Front Immunol. 2018;9:22-4. 

169. Das AM, Ajuebor MN, Flower RJ, Perretti M, McColl SR. Contrasting roles for 

RANTES and macrophage inflammatory protein-1 alpha (MIP-1 alpha) in a murine 

model of allergic peritonitis. Clin Exp Immunol. 1999;117:223-9. 

170. Hogan SP, Rosenberg HF, Moqbel R, Phipps S, Foster PS, Lacy P, et al. Eosinophils: 

biological properties and role in health and disease. Clin Exp Allergy. 2008;38:709-50. 

171. Kudo M, Ishigatsubo Y, Aoki I. Pathology of asthma. Front Microbiol. 2013;4:263-70. 

172. Bystrom J, Amin K, Bishop-Bailey D. Analysing the eosinophil cationic protein--a clue 

to the function of the eosinophil granulocyte. Respir Res. 2011;12:10. 

173. Simon HU, Yousefi S, Germic N, Arnold IC, Haczku A, Karaulov AV, et al. The 

cellular functions of eosinophils: Collegium internationale allergologicum (cia). Int 

Arch Allergy Immunol. 2020;181:11-23. 

174. Davoine F, Lacy P. Eosinophil cytokines, chemokines, and growth factors: emerging 

roles in immunity. Front Immunol. 2014;5:570-7. 

175. Saeki M, Nishimura T, Kitamura N, Hiroi T, Mori A, Kaminuma O. Potential 

mechanisms of t cell-mediated and eosinophil-independent bronchial 

hyperresponsiveness. Int J Mol Sci. 2019;20:29-80. 

176. Simpson JL, Grissell TV, Douwes J, Scott RJ, Boyle MJ, Gibson PG. Innate immune 

activation in neutrophilic asthma and bronchiectasis. Thorax. 2007;62:211-8. 

177. Schleimer RP, Kato A, Kern R, Kuperman D, Avila PC. Epithelium: at the interface of 

innate and adaptive immune responses. J Allergy Clin Immunol. 2007;120:1279-84. 

178. Maneechotesuwan K, Essilfie-Quaye S, Kharitonov SA, Adcock IM, Barnes PJ. Loss 

of control of asthma following inhaled corticosteroid withdrawal is associated with 

increased sputum interleukin-8 and neutrophils. Chest. 2007;132:98-105. 

179. Crisford H, Sapey E, Rogers GB, Taylor S, Nagakumar P, Lokwani R, et al. 

Neutrophils in asthma: the good, the bad and the bacteria. Thorax. 2021;76:835-44. 

180. Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ, Pavord ID. Analysis of 

induced sputum in adults with asthma: identification of subgroup with isolated sputum 

neutrophilia and poor response to inhaled corticosteroids. Thorax. 2002;57:875-9. 

181. Zhu X, Cui J, Yi L, Qin J, Tulake W, Teng F, et al. The role of T cells and 

macrophages in asthma pathogenesis: a new perspective on mutual crosstalk. Mediators 

Inflamm. 2020;2020:11-55. 

182. Brooks CR, van Dalen CJ, Hermans IF, Gibson PG, Simpson JL, Douwes J. Sputum 

basophils are increased in eosinophilic asthma compared with non-eosinophilic asthma 

phenotypes. Allergy. 2017;72:1583-6. 

183. Bradding P, Walls AF, Holgate ST. The role of the mast cell in the pathophysiology of 

asthma. J Allergy Clin Immunol. 2006;117:1277-84. 

184. Gill MA. The role of dendritic cells in asthma. J Allergy Clin Immunol. 2012;129:889-

901. 

185. De Vooght V, Carlier V, Devos FC, Haenen S, Verbeken E, Nemery B, et al. B-

lymphocytes as key players in chemical-induced asthma. PLoS One. 2013;8:83-228. 



 

 

186 

 

186. Durrant DM, Metzger DW. IL-12 can alleviate Th17-mediated allergic lung 

inflammation through induction of pulmonary IL-10 expression. Mucosal Immunol. 

2010;3:301-11. 

187. Mitchell C, Provost K, Niu N, Homer R, Cohn L. IFN-gamma acts on the airway 

epithelium to inhibit local and systemic pathology in allergic airway disease. J 

Immunol. 2011;187:3815-20. 

188. Farahani R, Sherkat R, Hakemi MG, Eskandari N, Yazdani R. Cytokines (interleukin-9, 

IL-17, IL-22, IL-25 and IL-33) and asthma. Adv Biomed Res. 2014;3:127. 

189. Quaedvlieg V, Henket M, Sele J, Louis R. Cytokine production from sputum cells in 

eosinophilic versus non-eosinophilic asthmatics. Clin Exp Immunol. 2006;143:161-6. 

190. Berry M, Brightling C, Pavord I, Wardlaw A. TNF-alpha in asthma. Curr Opin 

Pharmacol. 2007;7:279-82. 

191. Hong H, Liao S, Chen F, Yang Q, Wang DY. Role of IL-25, IL-33, and TSLP in 

triggering united airway diseases toward type 2 inflammation. Allergy. 2020;75:2794-

804. 

192. Durrant DM, Metzger DW. Emerging roles of T helper subsets in the pathogenesis of 

asthma. Immunol Invest. 2010;39:526-49. 

193. Romagnani S. T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol. 

2000;85:9-18. 

194. Simpson JL, Brooks C, Douwes J. Innate immunity in asthma. Paediatr Respir Rev. 

2008;9:263-70. 

195. Marshall JS, Warrington R, Watson W, Kim HL. An introduction to immunology and 

immunopathology. Allergy Asthma Clin Immunol. 2018;14:49-60. 

196. Pivniouk V, Gimenes Junior JA, Honeker LK, Vercelli D. The role of innate immunity 

in asthma development and protection: Lessons from the environment. Clin Exp 

Allergy. 2020;50:282-90. 

197. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004;4:499-511. 

198. Gibson PG. Inflammatory phenotypes in adult asthma: clinical applications. Clin Respir 

J. 2009;3:198-206. 

199. Witter AR, Okunnu BM, Berg RE. The essential role of neutrophils during infection 

with the intracellular bacterial pathogen listeria monocytogenes. J Immunol. 

2016;197:1557-65. 

200. Ray A, Kolls JK. Neutrophilic inflammation in asthma and association with disease 

severity. Trends Immunol. 2017;38:942-54. 

201. Nair P, Surette MG, Virchow JC. Neutrophilic asthma: misconception or misnomer? 

Lancet Respir Med. 2021;9:441-3. 

202. Macdowell AL, Peters SP. Neutrophils in asthma. Curr Allergy Asthma Rep. 

2007;7:464-8. 

203. Anticevich SZ, Hughes JM, Black JL, Armour CL. Induction of hyperresponsiveness in 

human airway tissue by neutrophils--mechanism of action. Clin Exp Allergy. 

1996;26:549-56. 

204. Gibson PG, Foster PS. Neutrophilic asthma: welcome back! Eur Respir J. 2019;54. 

205. Steinke JW, Lawrence MG, Teague WG, Braciale TJ, Patrie JT, Borish L. 

Bronchoalveolar lavage cytokine patterns in children with severe neutrophilic and 

paucigranulocytic asthma. J Allergy Clin Immunol. 2021;147:686-93. 

206. Al-Ramli W, Prefontaine D, Chouiali F, Martin JG, Olivenstein R, Lemiere C, et al. 

TH17-associated cytokines (IL-17A and IL-17F) in severe asthma. J Allergy Clin 

Immunol. 2009;123:1185-7. 

207. Annunziato F, Romagnani C, Romagnani S. The 3 major types of innate and adaptive 

cell-mediated effector immunity. J Allergy Clin Immunol. 2015;135:626-35. 



 

 

187 

 

208. Joseph C, Tatler AL. Pathobiology of airway remodeling in asthma: The emerging role 

of integrins. J Asthma Allergy. 2022;15:595-610. 

209. Pascual RM, Peters SP. Airway remodeling contributes to the progressive loss of lung 

function in asthma: an overview. J Allergy Clin Immunol. 2005;116:477-86. 

210. Oliver MN, Fabry B, Marinkovic A, Mijailovich SM, Butler JP, Fredberg JJ. Airway 

hyperresponsiveness, remodeling, and smooth muscle mass: right answer, wrong 

reason? Am J Respir Cell Mol Biol. 2007;37:264-72. 

211. Delgado-Eckert E, James A, Meier-Girard D, Kupczyk M, Andersson LI, Bossios A, et 

al. Lung function fluctuation patterns unveil asthma and COPD phenotypes unrelated to 

type 2 inflammation. J Allergy Clin Immunol. 2021;148:407-19. 

212. Beasley R. The burden of asthma with specific reference to the United States. J Allergy 

Clin Immunol. 2002;109:482-9. 

213. Malmstrom O, Haberg SE, Morken NH. Probability and outcomes of second pregnancy 

after HELLP syndrome in the first: A population-based registry study. Acta Obstet 

Gynecol Scand. 2020;99:1206-13. 

214. Stamatiou R, Paraskeva E, Gourgoulianis K, Molyvdas PA, Hatziefthimiou A. 

Cytokines and growth factors promote airway smooth muscle cell proliferation. ISRN 

Inflamm. 2012;2012:731-72. 

215. Munitz A, Brandt EB, Mingler M, Finkelman FD, Rothenberg ME. Distinct roles for 

IL-13 and IL-4 via IL-13 receptor alpha1 and the type II IL-4 receptor in asthma 

pathogenesis. Proc Natl Acad Sci U S A. 2008;105:7240-5. 

216. Ojiaku CA, Yoo EJ, Panettieri RA, Jr. Transforming growth factor beta1 function in 

airway remodeling and hyperresponsiveness. The missing link? Am J Respir Cell Mol 

Biol. 2017;56:432-42. 

217. Liu P, Li S, Tang L. Nerve growth factor: a potential therapeutic target for lung 

diseases. Int J Mol Sci. 2021;22:91-112. 

218. Bonner JC. The epidermal growth factor receptor at the crossroads of airway 

remodeling. Am J Physiol Lung Cell Mol Physiol. 2002;283:528-30. 

219. Palgan K, Bartuzi Z. Angiogenesis in bronchial asthma. Int J Immunopathol Pharmacol. 

2015;28:415-20. 

220. Chetty A, Davis P, Infeld M. Effect of elastase on the directional migration of lung 

fibroblasts within a three-dimensional collagen matrix. Exp Lung Res. 1995;21:889-99. 

221. Zietkowski Z, Bodzenta-Lukaszyk A, Tomasiak MM, Skiepko R, Szmitkowski M, 

Mroczko B. The role of endothelium-derived mediators in exercise-induced 

bronchoconstriction. Int Arch Allergy Immunol. 2007;143:299-310. 

222. Chaudhuri R, McSharry C, Brady J, Grierson C, Messow CM, Spears M, et al. Low 

sputum MMP-9/TIMP ratio is associated with airway narrowing in smokers with 

asthma. Eur Respir J. 2014;44:895-904. 

223. Lezmi G, Gosset P, Deschildre A, Abou-Taam R, Mahut B, Beydon N, et al. Airway 

remodeling in preschool children with severe recurrent wheeze. Am J Respir Crit Care 

Med. 2015;192:164-71. 

224. Baraldo S, Turato G, Bazzan E, Ballarin A, Damin M, Balestro E, et al. 

Noneosinophilic asthma in children: relation with airway remodelling. Eur Respir J. 

2011;38:575-83. 

225. Oenema TA, Maarsingh H, Smit M, Groothuis GM, Meurs H, Gosens R. 

Bronchoconstriction induces tgf-beta release and airway remodelling in guinea pig lung 

slices. PLoS One. 2013;8:55-80. 

226. Elliot JG, Noble PB, Mauad T, Bai TR, Abramson MJ, McKay KO, et al. 

Inflammation-dependent and independent airway remodelling in asthma. Respirology. 

2018;23:1138-45. 



 

 

188 

 

227. Konstantinou GN, Konstantinou GN, Koulias C, Petalas K, Makris M. Further 

understanding of neuro-Immune interactions in allergy: implications in 

pathophysiology and role in disease progression. J Asthma Allergy. 2022;15:1273-91. 

228. Lewis MJ, Short AL, Lewis KE. Autonomic nervous system control of the 

cardiovascular and respiratory systems in asthma. Respir Med. 2006;100:1688-705. 

229. Canning BJ, Mori N, Mazzone SB. Vagal afferent nerves regulating the cough reflex. 

Respir Physiol Neurobiol. 2006;152:223-42. 

230. Proskocil BJ, Fryer AD. Beta2-agonist and anticholinergic drugs in the treatment of 

lung disease. Proc Am Thorac Soc. 2005;2:305-10. 

231. Bankenahally R, Krovvidi H. Autonomic nervous system: anatomy, physiology, and 

relevance in anaesthesia and critical care medicine. BJA Education. 2016;16:381-7. 

232. Karemaker JM. An introduction into autonomic nervous function. Physiol Meas. 

2017;38:89-118. 

233. Mazzone SB, Undem BJ. Vagal afferent innervation of the airways in health and 

disease. Physiol Rev. 2016;96:975-1024. 

234. Haga T. Molecular properties of muscarinic acetylcholine receptors. Proc Jpn Acad Ser 

B Phys Biol Sci. 2013;89:226-56. 

235. Kistemaker LE, Gosens R. Acetylcholine beyond bronchoconstriction: roles in 

inflammation and remodeling. Trends Pharmacol Sci. 2015;36:164-71. 

236. Barnes PJ. Neurogenic inflammation in the airways. Respir Physiol. 2001;125:145-54. 

237. Undem BJ, Taylor-Clark T. Mechanisms underlying the neuronal-based symptoms of 

allergy. J Allergy Clin Immunol. 2014;133:1521-34. 

238. Belvisi MG, Stretton D, Barnes PJ. Nitric oxide as an endogenous modulator of 

cholinergic neurotransmission in guinea-pig airways. Eur J Pharmacol. 1991;198:219-

21. 

239. Stretton CD, Belvisi MG, Barnes PJ. Modulation of neural bronchoconstrictor 

responses in the guinea pig respiratory tract by vasoactive intestinal peptide. 

Neuropeptides. 1991;18:149-57. 

240. Choi JY, Joo NS, Krouse ME, Wu JV, Robbins RC, Ianowski JP, et al. Synergistic 

airway gland mucus secretion in response to vasoactive intestinal peptide and carbachol 

is lost in cystic fibrosis. J Clin Invest. 2007;117:3118-27. 

241. Drake MG, Scott GD, Blum ED, Lebold KM, Nie Z, Lee JJ, et al. Eosinophils increase 

airway sensory nerve density in mice and in human asthma. Sci Transl Med. 

2018;10:77-84. 

242. Lawson SN, Perry MJ, Prabhakar E, McCarthy PW. Primary sensory neurones: 

neurofilament, neuropeptides, and conduction velocity. Brain Res Bull. 1993;30:239-

43. 

243. Carr MJ, Undem BJ. Bronchopulmonary afferent nerves. Respirology. 2003;8:291-301. 

244. Spina D. Airway sensory nerves: a burning issue in asthma? Thorax. 1996;51:335-7. 

245. Billington CK, Penn RB. Signaling and regulation of G protein-coupled receptors in 

airway smooth muscle. Respir Res. 2003;4:2. 

246. Undem BJ, Nassenstein C. Airway nerves and dyspnea associated with inflammatory 

airway disease. Respir Physiol Neurobiol. 2009;167:36-44. 

247. Belvisi MG. Overview of the innervation of the lung. Curr Opin Pharmacol. 

2002;2:211-5. 

248. Coleridge JC, Coleridge HM. Afferent vagal C fibre innervation of the lungs and 

airways and its functional significance. Rev Physiol Biochem Pharmacol. 1984;99:1-

110. 



 

 

189 

 

249. Groneberg DA, Rabe KF, Fischer A. Novel concepts of neuropeptide-based drug 

therapy: vasoactive intestinal polypeptide and its receptors. Eur J Pharmacol. 

2006;533:182-94. 

250. Mazzone SB, Mori N, Canning BJ. Synergistic interactions between airway afferent 

nerve subtypes regulating the cough reflex in guinea-pigs. J Physiol. 2005;569:559-73. 

251. Lundberg JM, Saria A. Polypeptide-containing neurons in airway smooth muscle. Annu 

Rev Physiol. 1987;49:557-72. 

252. Larsen GL, Fame TM, Renz H, Loader JE, Graves J, Hill M, et al. Increased 

acetylcholine release in tracheas from allergen-exposed IgE-immune mice. Am J 

Physiol. 1994;266:263-70. 

253. Costello RW, Evans CM, Yost BL, Belmonte KE, Gleich GJ, Jacoby DB, et al. 

Antigen-induced hyperreactivity to histamine: role of the vagus nerves and eosinophils. 

Am J Physiol. 1999;276:709-14. 

254. Ohta S, Oda N, Yokoe T, Tanaka A, Yamamoto Y, Watanabe Y, et al. Effect of 

tiotropium bromide on airway inflammation and remodelling in a mouse model of 

asthma. Clin Exp Allergy. 2010;40:1266-75. 

255. Raes M, Mulder P, Kerrebijn KF. Long-term effect of ipratropium bromide and 

fenoterol on the bronchial hyperresponsiveness to histamine in children with asthma. J 

Allergy Clin Immunol. 1989;84:874-9. 

256. Terzano C, Petroianni A, Ricci A, D'Antoni L, Allegra L. Early protective effects of 

tiotropium bromide in patients with airways hyperresponsiveness. Eur Rev Med 

Pharmacol Sci. 2004;8:259-64. 

257. Garrard CS, Seidler A, McKibben A, McAlpine LE, Gordon D. Spectral analysis of 

heart rate variability in bronchial asthma. Clin Auton Res. 1992;2:105-11. 

258. Kallenbach JM, Webster T, Dowdeswell R, Reinach SG, Millar RN, Zwi S. Reflex 

heart rate control in asthma. Evidence of parasympathetic overactivity. Chest. 

1985;87:644-8. 

259. Franco OS, Junior AOS, Signori LU, Prietsch SOM, Zhang L. Cardiac autonomic 

modulation assessed by heart rate variability in children with asthma. Pediatr Pulmonol. 

2020;55:1334-9. 

260. Emin O, Esra G, Aysegul D, Ufuk E, Ayhan S, Rusen DM. Autonomic nervous system 

dysfunction and their relationship with disease severity in children with atopic asthma. 

Respir Physiol Neurobiol. 2012;183:206-10. 

261. Tokuyama K, Mitsuhashi M, Mochizuki H, Tajima K, Morikawa A. Beat-to-beat 

variation of the heart rate in children with allergic disorders. Comparison with healthy 

children. Arerugi. 1985;34:994-8. 

262. Heaney LG, Cross LJ, McGarvey LP, Buchanan KD, Ennis M, Shaw C. Neurokinin A 

is the predominant tachykinin in human bronchoalveolar lavage fluid in normal and 

asthmatic subjects. Thorax. 1998;53:357-62. 

263. Barnes PJ, Baraniuk JN, Belvisi MG. Neuropeptides in the respiratory tract. Part I. Am 

Rev Respir Dis. 1991;144:1187-98. 

264. Barnes PJ. Neurogenic inflammation and asthma. J Asthma. 1992;29:165-80. 

265. Larsson K, Carlens P, Bevegard S, Hjemdahl P. Sympathoadrenal responses to 

bronchoconstriction in asthma: an invasive and kinetic study of plasma catecholamines. 

Clin Sci. 1995;88:439-46. 

266. van Aalderen WM, Postma DS, Koeter GH, de Monchy JG, Knol K. Adrenergic 

response in children with asthma on exogenous stimuli. Clin Exp Allergy. 1992;22:996-

1002. 



 

 

190 

 

267. Gabehart KE, Royce SG, Maselli DJ, Miyasato SK, Davis EC, Tang ML, et al. Airway 

hyperresponsiveness is associated with airway remodeling but not inflammation in 

aging Cav1-/- mice. Respir Res. 2013;14:110-5. 

268. Lommatzsch M. Airway hyperresponsiveness: new insights into the pathogenesis. 

Semin Respir Crit Care Med. 2012;33:579-87. 

269. Miller BD, Wood BL. Psychophysiologic reactivity in asthmatic children: a 

cholinergically mediated confluence of pathways. J Am Acad Child Adolesc 

Psychiatry. 1994;33:1236-45. 

270. Ritz T, Kullowatz A, Goldman MD, Smith HJ, Kanniess F, Dahme B, et al. Airway 

response to emotional stimuli in asthma: the role of the cholinergic pathway. J Appl 

Physiol. 2010;108:1542-9. 

271. Ritz T. Airway responsiveness to psychological processes in asthma and health. Front 

Physiol. 2012;3:343-50. 

272. Scott GD, Fryer AD. Role of parasympathetic nerves and muscarinic receptors in 

allergy and asthma. Chem Immunol Allergy. 2012;98:48-69. 

273. Kistemaker LE, Bos ST, Mudde WM, Hylkema MN, Hiemstra PS, Wess J, et al. 

Muscarinic M(3) receptors contribute to allergen-induced airway remodeling in mice. 

Am J Respir Cell Mol Biol. 2014;50:690-8. 

274. Cramer SC, Sur M, Dobkin BH, O'Brien C, Sanger TD, Trojanowski JQ, et al. 

Harnessing neuroplasticity for clinical applications. Brain. 2011;134:1591-609. 

275. Satia I, Nagashima A, Usmani OS. Exploring the role of nerves in asthma; Insights 

from the study of cough. Biochem Pharmacol. 2020;179:113-9. 

276. Laitinen LA, Partanen M, Hervonen A, Pelto-Huikko M, Laitinen LA. VIP like 

immunoreactive nerves in human respiratory tract. Light and electron microscopic 

study. Histochemistry. 1985;82:313-9. 

277. Kuo YL, Lai CJ. Ovalbumin sensitizes vagal pulmonary C-fiber afferents in Brown 

Norway rats. J Appl Physiol. 2008;105:611-20. 

278. Morice AH, Fontana GA, Belvisi MG, Birring SS, Chung KF, Dicpinigaitis PV, et al. 

ERS guidelines on the assessment of cough. Eur Respir J. 2007;29:1256-76. 

279. Satia I, Tsamandouras N, Holt K, Badri H, Woodhead M, Ogungbenro K, et al. 

Capsaicin-evoked cough responses in asthmatic patients: Evidence for airway neuronal 

dysfunction. J Allergy Clin Immunol. 2017;139:771-9. 

280. McGarvey LP, Butler CA, Stokesberry S, Polley L, McQuaid S, Abdullah H, et al. 

Increased expression of bronchial epithelial transient receptor potential vanilloid 1 

channels in patients with severe asthma. J Allergy Clin Immunol. 2014;133:704-12. 

281. Belvisi MG, Birrell MA, Khalid S, Wortley MA, Dockry R, Coote J, et al. 

Neurophenotypes in airway diseases. Insights from translational cough studies. Am J 

Respir Crit Care Med. 2016;193:1364-72. 

282. Raemdonck K, de Alba J, Birrell MA, Grace M, Maher SA, Irvin CG, et al. A role for 

sensory nerves in the late asthmatic response. Thorax. 2012;67:19-25. 

283. McGovern AE, Short KR, Kywe Moe AA, Mazzone SB. Translational review: 

Neuroimmune mechanisms in cough and emerging therapeutic targets. J Allergy Clin 

Immunol. 2018;142:1392-402. 

284. Solway J, Leff AR. Sensory neuropeptides and airway function. J Appl Physiol. 

1991;71:2077-87. 

285. Mostafa GA, Reda SM, Abd El-Aziz MM, Ahmed SA. Sputum neurokinin A in 

Egyptian asthmatic children and adolescents: relation to exacerbation severity. Allergy. 

2008;63:1244-7. 

286. Joos GF, Germonpre PR, Pauwels RA. Role of tachykinins in asthma. Allergy. 

2000;55:321-37. 



 

 

191 

 

287. Tomaki M, Ichinose M, Miura M, Hirayama Y, Yamauchi H, Nakajima N, et al. 

Elevated substance P content in induced sputum from patients with asthma and patients 

with chronic bronchitis. Am J Respir Crit Care Med. 1995;151:613-7. 

288. Otsuka K, Niimi A, Matsumoto H, Ito I, Yamaguchi M, Matsuoka H, et al. Plasma 

substance P levels in patients with persistent cough. Respiration. 2011;82:431-8. 

289. Ollerenshaw S, Jarvis D, Woolcock A, Sullivan C, Scheibner T. Absence of 

immunoreactive vasoactive intestinal polypeptide in tissue from the lungs of patients 

with asthma. N Engl J Med. 1989;320:1244-8. 

290. Wagner EM, Jacoby DB. Methacholine causes reflex bronchoconstriction. J Appl 

Physiol. 1999;86:294-7. 

291. Sheppard D, Epstein J, Holtzman MJ, Nadel JA, Boushey HA. Dose-dependent 

inhibition of cold air-induced bronchoconstriction by atropine. J Appl Physiol Respir 

Environ Exerc Physiol. 1982;53:169-74. 

292. Gold WM. Vagally-mediated reflex bronchoconstriction in allergic asthma. Chest. 

1973;63:11-3. 

293. Simonsson BG, Skoogh BE, Ekstrom-Jodal B. Exercise-induced airways constriction. 

Thorax. 1972;27:169-80. 

294. O'Connor TM, O'Connell J, O'Brien DI, Goode T, Bredin CP, Shanahan F. The role of 

substance P in inflammatory disease. J Cell Physiol. 2004;201:167-80. 

295. Aliakbari J, Sreedharan SP, Turck CW, Goetzl EJ. Selective localization of vasoactive 

intestinal peptide and substance P in human eosinophils. Biochem Biophys Res 

Commun. 1987;148:1440-5. 

296. Weinstock JV, Blum A, Walder J, Walder R. Eosinophils from granulomas in murine 

schistosomiasis mansoni produce substance P. J Immunol. 1988;141:961-6. 

297. Stanisz AM, Befus D, Bienenstock J. Differential effects of vasoactive intestinal 

peptide, substance P, and somatostatin on immunoglobulin synthesis and proliferations 

by lymphocytes from Peyer's patches, mesenteric lymph nodes, and spleen. J Immunol. 

1986;136:152-6. 

298. Germonpre PR, Bullock GR, Lambrecht BN, Van De Velde V, Luyten WH, Joos GF, 

et al. Presence of substance P and neurokinin 1 receptors in human sputum 

macrophages and U-937 cells. Eur Respir J. 1999;14:776-82. 

299. Stanzel F. Bronchoalveolar lavage. Principles and Practice of Interventional 

Pulmonology. 2012;1. 

300. Tenero L, Zaffanello M, Piazza M, Piacentini G. Measuring airway inflammation in 

asthmatic children. Front Pediatr. 2018;6:196-200. 

301. Alving K, Weitzberg E, Lundberg JM. Increased amount of nitric oxide in exhaled air 

of asthmatics. Eur Respir J. 1993;6:1368-70. 

302. Chinellato I, Piazza M, Peroni D, Sandri M, Chiorazzo F, Boner AL, et al. Bronchial 

and alveolar nitric oxide in exercise-induced bronchoconstriction in asthmatic children. 

Clin Exp Allergy. 2012;42:1190-6. 

303. Gill M, Walker S, Khan A, Green SM, Kim L, Gray S, et al. Exhaled nitric oxide levels 

during acute asthma exacerbation. Acad Emerg Med. 2005;12:579-86. 

304. Brooks CR, van Dalen CJ, Harding E, Hermans IF, Douwes J. Effects of treatment 

changes on asthma phenotype prevalence and airway neutrophil function. BMC Pulm 

Med. 2017;17:169. 

305. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur Heart J. 

2012;33:829-37. 

306. Xue Q, Yan Y, Zhang R, Xiong H. Regulation of iNOS on immune cells and its role in 

diseases. Int J Mol Sci. 2018;19:11-29. 



 

 

192 

 

307. Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An 

official ATS clinical practice guideline: interpretation of exhaled nitric oxide levels 

(FENO) for clinical applications. Am J Respir Crit Care Med. 2011;184:602-15. 

308. Kharitonov SA, Gonio F, Kelly C, Meah S, Barnes PJ. Reproducibility of exhaled nitric 

oxide measurements in healthy and asthmatic adults and children. Eur Respir J. 

2003;21:433-8. 

309. Kumor M, Przybylowski T, Maskey-Warzechowska M, Hildebrand K, Fangrat A, 

Bielicki P, et al. Reproducibility of exhaled nitric oxide (FENO) measurements in 

healthy subjects. Pneumonol Alergol Pol. 2004;72:395-9. 

310. Waibel V, Ulmer H, Horak E. Assessing asthma control: symptom scores, GINA levels 

of asthma control, lung function, and exhaled nitric oxide. Pediatr Pulmonol. 

2012;47:113-8. 

311. Schoos AM, Chawes BLK, Bonnelykke K, Bisgaard H. Fraction of exhaled nitric oxide 

and bronchial responsiveness are associated and continuous traits in young children 

independent of asthma. Chest. 2012;142:1562-8. 

312. Massaro AF, Gaston B, Kita D, Fanta C, Stamler JS, Drazen JM. Expired nitric oxide 

levels during treatment of acute asthma. Am J Respir Crit Care Med. 1995;152:800-3. 

313. Kharitonov SA, Alving K, Barnes PJ. Exhaled and nasal nitric oxide measurements: 

recommendations. The European Respiratory Society Task Force. Eur Respir J. 

1997;10:1683-93. 

314. Price DB, Buhl R, Chan A, Freeman D, Gardener E, Godley C, et al. Fractional exhaled 

nitric oxide as a predictor of response to inhaled corticosteroids in patients with non-

specific respiratory symptoms and insignificant bronchodilator reversibility: a 

randomised controlled trial. Lancet Respir Med. 2018;6:29-39. 

315. Heaney LG, Busby J, Bradding P, Chaudhuri R, Mansur AH, Niven R, et al. Remotely 

monitored therapy and nitric oxide suppression identifies nonadherence in severe 

asthma. Am J Respir Crit Care Med. 2019;199:454-64. 

316. Price DB, Ryan D, Burden A, Von Ziegenweidt J, Gould S, Freeman D, et al. Using 

fractional exhaled nitric oxide (FeNO) to diagnose steroid-responsive disease and guide 

asthma management in routine care. Clin Transl Allergy. 2013;3:37-40. 

317.  Asthma: diagnosis and monitoring of asthma in adults, children and young people. 

National Institute for Health and Care Excellence: Guidelines2017. 

318. de Jongste JC, Carraro S, Hop WC, Group CS, Baraldi E. Daily telemonitoring of 

exhaled nitric oxide and symptoms in the treatment of childhood asthma. Am J Respir 

Crit Care Med. 2009;179:93-7. 

319. Fritsch M, Uxa S, Horak F, Putschoegl B, Dehlink E, Szepfalusi Z, et al. Exhaled nitric 

oxide in the management of childhood asthma: a prospective 6-months study. Pediatr 

Pulmonol. 2006;41:855-62. 

320. Smith AD, Cowan JO, Brassett KP, Herbison GP, Taylor DR. Use of exhaled nitric 

oxide measurements to guide treatment in chronic asthma. N Engl J Med. 

2005;352:2163-73. 

321. Petsky HL, Cates CJ, Li A, Kynaston JA, Turner C, Chang AB. Tailored interventions 

based on exhaled nitric oxide versus clinical symptoms for asthma in children and 

adults. Cochrane Database Syst Rev. 2009;7:63. 

322. Fahy JV, Wong H, Liu J, Boushey HA. Comparison of samples collected by sputum 

induction and bronchoscopy from asthmatic and healthy subjects. Am J Respir Crit 

Care Med. 1995;152:53-8. 

323. Djukanovic R, Sterk PJ, Fahy JV, Hargreave FE. Standardised methodology of sputum 

induction and processing. Eur Respir J Suppl. 2002;37:1-2. 



 

 

193 

 

324. Tsoumakidou M, Tzanakis N, Siafakas NM. Induced sputum in the investigation of 

airway inflammation of COPD. Respir Med. 2003;97:863-71. 

325. Gupta KB, Garg S. Sputum induction - a useful tool in diagnosis of respiratory 

diseases. Lung India. 2006;23:82-6. 

326. Pavord ID, Pizzichini MM, Pizzichini E, Hargreave FE. The use of induced sputum to 

investigate airway inflammation. Thorax. 1997;52:498-501. 

327. Spanevello A, Confalonieri M, Sulotto F, Romano F, Balzano G, Migliori GB, et al. 

Induced sputum cellularity. Reference values and distribution in normal volunteers. Am 

J Respir Crit Care Med. 2000;162:1172-4. 

328. Guiot J, Demarche S, Henket M, Paulus V, Graff S, Schleich FN, et al. Methodology 

for sputum induction and laboratory processing. J Vis Exp. 2017;1:11-33. 

329. Weiszhar Z, Horvath I. Induced sputum analysis: step by step. Breathe. 2013;9:300-6. 

330. Lim H, Ho T, Kjarsgaard M, Efthimiadis A, Yamamura D, Nair P. Sputum plug 

selection under inverted microscopy improves microbial identification during 

exacerbations of airway diseases. Respiratory Med. 2018;134:92-4. 

331. Efthimiadis A, Spanevello A, Hamid Q, Kelly MM, Linden M, Louis R, et al. Methods 

of sputum processing for cell counts, immunocytochemistry and in situ hybridisation. 

Eur Respir J Suppl. 2002;37:19-23. 

332. Brightling CE. Sputum induction in asthma: a research technique or a clinical tool? 

Chest. 2006;129:503-4. 

333. Belda J, Leigh R, Parameswaran K, O'Byrne PM, Sears MR, Hargreave FE. Induced 

sputum cell counts in healthy adults. Am J Respir Crit Care Med. 2000;161:475-8. 

334. Pignatti P, Ragnoli B, Radaeli A, Moscato G, Malerba M. Age-related increase of 

airway neutrophils in older healthy nonsmoking subjects. Rejuvenation Res. 

2011;14:365-70. 

335. Gibson PG, Grootendorst DC, Henry R, Pin I, Rytila PL, Wark P, et al. Sputum 

induction in children. European Respiratory Journal. 2002;20:44-6. 

336. Grootendorst DC, Sont JK, Willems LN, Kluin-Nelemans JC, Van Krieken JH, 

Veselic-Charvat M, et al. Comparison of inflammatory cell counts in asthma: induced 

sputum vs bronchoalveolar lavage and bronchial biopsies. Clin Exp Allergy. 

1997;27:769-79. 

337. Holz O, Richter K, Jorres RA, Speckin P, Mucke M, Magnussen H. Changes in sputum 

composition between two inductions performed on consecutive days. Thorax. 

1998;53:83-6. 

338. Simpson JL, Timmins NL, Fakes K, Talbot PI, Gibson PG. Effect of saliva 

contamination on induced sputum cell counts, IL-8 and eosinophil cationic protein 

levels. Eur Respir J. 2004;23:759-62. 

339. Crapo RO, Jensen RL, Hargreave FE. Airway inflammation in COPD: physiological 

outcome measures and induced sputum. Eur Respir J Suppl. 2003;41:19-28. 

340. Manso L, Reche M, Padial MA, Valbuena T, Pascual C. Diagnostic tools assessing 

airway remodelling in asthma. Allergol Immunopathol. 2012;40:108-16. 

341. Bergeron C, Tulic MK, Hamid Q. Tools used to measure airway remodelling in 

research. Eur Respir J. 2007;29:596-604. 

342. Lauri H. High-resolution CT of the lungs: Indications and diagnosis. Duodecim. 

2017;133:549-56. 

343. Nakamura Y, Endo C, Sato M, Sakurada A, Watanabe S, Sakata R, et al. A new 

technique for endobronchial ultrasonography and comparison of two ultrasonic probes: 

analysis with a plot profile of the image analysis software NIH Image. Chest. 

2004;126:192-7. 



 

 

194 

 

344. Gorska K, Korczynski P, Mierzejewski M, Kosciuch J, Zukowska M, Maskey-

Warzechowska M, et al. Comparison of endobronchial ultrasound and high resolution 

computed tomography as tools for airway wall imaging in asthma and chronic 

obstructive pulmonary disease. Respir Med. 2016;117:131-8. 

345. Zygmunt A, Stanczyk J. Methods of evaluation of autonomic nervous system function. 

Arch Med Sci. 2010;6:11-8. 

346. van Hook JW, Gill P, Easterling TR, Schmucker B, Carlson K, Benedetti TJ. The 

hemodynamic effects of isometric exercise during late normal pregnancy. Am J Obstet 

Gynecol. 1993;169:870-3. 

347. Mathias CJ. Autonomic diseases: clinical features and laboratory evaluation. J Neurol 

Neurosurg Psychiatry. 2003;74:31-41. 

348. Jaradeh SS, Prieto TE. Evaluation of the autonomic nervous system. Phys Med Rehabil 

Clin N Am. 2003;14:287-305. 

349. Pierzchala K, Labuz-Roszak B. Selected methods for evaluating the autonomic nervous 

system. Wiad Lek. 2002;55:325-31. 

350. Chen X, Kudo T, Lapa C, Buck A, Higuchi T. Recent advances in radiotracers targeting 

norepinephrine transporter: structural development and radiolabeling improvements. J 

Neural Transm. 2020;127:851-73. 

351. Ewing DJ, Martyn CN, Young RJ, Clarke BF. The value of cardiovascular autonomic 

function tests: 10 years experience in diabetes. Diabetes Care. 1985;8:491-8. 

352. TFESCNAP. Heart rate variability: standards of measurement, physiological 

interpretation and clinical use. Circulation. 1996;93:1043-65. 

353. McCraty R, Shaffer F. Heart rate variability: new perspectives on physiological 

mechanisms, assessment of self-regulatory capacity, and health risk. Glob Adv Health 

Med. 2015;4:46-61. 

354. Achten J, Jeukendrup AE. Heart rate monitoring: applications and limitations. Sports 

Med. 2003;33:517-38. 

355. Umetani K, Singer DH, McCraty R, Atkinson M. Twenty-four hour time domain heart 

rate variability and heart rate: relations to age and gender over nine decades. J Am Coll 

Cardiol. 1998;31:593-601. 

356. Shaffer F, Meehan ZM, Zerr CL. A critical review of ultra-short-term heart rate 

variability norms research. Front Neurosci. 2020;14:594-880. 

357. Hayano J, Yuda E. Pitfalls of assessment of autonomic function by heart rate 

variability. J Physiol Anthropol. 2019;38:3. 

358. Lutfi MF, Sukkar MY. The effect of gender on heart rate variability in asthmatic and 

normal healthy adults. Int J Health Sci. 2011;5:146-54. 

359. Lehrer P, Vaschillo E, Lu SE, Eckberg D, Vaschillo B, Scardella A, et al. Heart rate 

variability biofeedback: effects of age on heart rate variability, baroreflex gain, and 

asthma. Chest. 2006;129:278-84. 

360. Gentile CL, Orr JS, Davy BM, Davy KP. Modest weight gain is associated with 

sympathetic neural activation in nonobese humans. Am J Physiol Regul Integr Comp 

Physiol. 2007;292:1834-48. 

361. Chen SR, Chiu HW, Lee YJ, Sheen TC, Jeng C. Impact of pubertal development and 

physical activity on heart rate variability in overweight and obese children in Taiwan. J 

Sch Nurs. 2012;28:284-90. 

362. Freeman R, Weiss ST, Roberts M, Zbikowski SM, Sparrow D. The relationship 

between heart rate variability and measures of body habitus. Clin Auton Res. 

1995;5:261-6. 



 

 

195 

 

363. Schnell I, Potchter O, Epstein Y, Yaakov Y, Hermesh H, Brenner S, et al. The effects 

of exposure to environmental factors on heart rate variability: an ecological perspective. 

Environ Pollut. 2013;183:7-13. 

364. Gupta J, Dube A, Singh V, Gupta RC. Spectral analysis of heart rate variability in 

bronchial asthma patients. Indian J Physiol Pharmacol. 2012;56:330-6. 

365. Lutfi MF. Autonomic modulations in patients with bronchial asthma based on short-

term heart rate variability. Lung India. 2012;29:254-8. 

366. Kazuma N, Otsuka K, Matsuoka I, Murata M. Heart rate variability during 24 hours in 

asthmatic children. Chronobiol Int. 1997;14:597-606. 

367. Ostrowska-Nawarycz L, Wronski W, Blaszczyk J, Buczylko K, Nawarycz T. The heart 

rate variability analysis in youth and children with bronchial asthma. Pol Merkur 

Lekarski. 2006;20:399-403. 

368. Fujii H, Fukutomi O, Inoue R, Shinoda S, Okammoto H, Teramoto T, et al. Autonomic 

regulation after exercise evidenced by spectral analysis of heart rate variability in 

asthmatic children. Ann Allergy Asthma Immunol. 2000;85:233-7. 

369. Garcia-Araujo AS, Pires Di Lorenzo VA, Labadessa IG, Jurgensen SP, Di Thommazo-

Luporini L, Garbim CL, et al. Increased sympathetic modulation and decreased 

response of the heart rate variability in controlled asthma. J Asthma. 2015;52:246-53. 

370. McNarry MA, Lewis MJ, Wade N, Davies GA, Winn C, Eddolls WTB, et al. Effect of 

asthma and six-months high-intensity interval training on heart rate variability during 

exercise in adolescents. J Sports Sci. 2019;37:2228-35. 

371. Pichon A, de Bisschop C, Diaz V, Denjean A. Parasympathetic airway response and 

heart rate variability before and at the end of methacholine challenge. Chest. 

2005;127:23-9. 

372. Du J, He J, Wang Y. A study of heart rate variability in asthma. Zhonghua Jie He He 

Hu Xi Za Zhi. 2001;24:744-5. 

373. Cekici L, Valipour A, Kohansal R, Burghuber OC. Short-term effects of inhaled 

salbutamol on autonomic cardiovascular control in healthy subjects: a placebo-

controlled study. Br J Clin Pharmacol. 2009;67:394-402. 

374. Eryonucu B, Uzun K, Guler N, Bilge M. Comparison of the acute effects of salbutamol 

and terbutaline on heart rate variability in adult asthmatic patients. Eur Respir J. 

2001;17:863-7. 

375. Marsland AL, Gianaros PJ, Prather AA, Jennings JR, Neumann SA, Manuck SB. 

Stimulated production of proinflammatory cytokines covaries inversely with heart rate 

variability. Psychosom Med. 2007;69:709-16. 

376. Nikolic VN, Jevtovic-Stoimenov T, Stokanovic D, Milovanovic M, Velickovic-

Radovanovic R, Pesic S, et al. An inverse correlation between TNF alpha serum levels 

and heart rate variability in patients with heart failure. J Cardiol. 2013;62:37-43. 

377. Tateishi Y, Oda S, Nakamura M, Watanabe K, Kuwaki T, Moriguchi T, et al. 

Depressed heart rate variability is associated with high IL-6 blood level and decline in 

the blood pressure in septic patients. Shock. 2007;28:549-53. 

378. Williams DP, Koenig J, Carnevali L, Sgoifo A, Jarczok MN, Sternberg EM, et al. Heart 

rate variability and inflammation: A meta-analysis of human studies. Brain Behav 

Immun. 2019;80:219-26. 

379. Undem BJ, Carr MJ. The role of nerves in asthma. Curr Allergy Asthma Rep. 

2002;2:159-65. 

380. Morice AH, Kastelik JA, Thompson R. Cough challenge in the assessment of cough 

reflex. Br J Clin Pharmacol. 2001;52:365-75. 



 

 

196 

 

381. Hilton EC, Baverel PG, Woodcock A, Van Der Graaf PH, Smith JA. Pharmacodynamic 

modeling of cough responses to capsaicin inhalation calls into question the utility of the 

C5 end point. J Allergy Clin Immunol. 2013;132:847-55. 

382. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The 

capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature. 

1997;389:816-24. 

383. Dicpinigaitis PV. Short- and long-term reproducibility of capsaicin cough challenge 

testing. Pulm Pharmacol Ther. 2003;16:61-5. 

384. Millqvist E, Bende M, Lowhagen O. Sensory hyperreactivity-a possible mechanism 

underlying cough and asthma-like symptoms. Allergy. 1998;53:1208-12. 

385. Millqvist E, Lowhagen O, Bende M. Quality of life and capsaicin sensitivity in patients 

with sensory airway hyperreactivity. Allergy. 2000;55:540-5. 

386. Ternesten-Hasseus E, Johansson K, Lowhagen O, Millqvist E. Inhalation method 

determines outcome of capsaicin inhalation in patients with chronic cough due to 

sensory hyperreactivity. Pulm Pharmacol Ther. 2006;19:172-8. 

387. Dicpinigaitis PV, Alva RV. Safety of capsaicin cough challenge testing. Chest. 

2005;128:196-202. 

388. Doherty MJ, Mister R, Pearson MG, Calverley PM. Capsaicin responsiveness and 

cough in asthma and chronic obstructive pulmonary disease. Thorax. 2000;55:643-9. 

389. Kanemitsu Y, Fukumitsu K, Kurokawa R, Takeda N, Suzuki M, Yap J, et al. Increased 

capsaicin sensitivity in patients with severe asthma is associated with worse clinical 

outcome. Am J Respir Crit Care Med. 2020;201:1068-77. 

390. Chang AB, Harrhy VA, Simpson J, Masters IB, Gibson PG. Cough, airway 

inflammation, and mild asthma exacerbation. Arch Dis Child. 2002;86:270-5. 

391. Marsden PA, Satia I, Ibrahim B, Woodcock A, Yates L, Donnelly I, et al. Objective 

cough frequency, airway inflammation, and disease control in asthma. Chest. 

2016;149:1460-6. 

392. Ekstrand Y, Ternesten-Hasseus E, Arvidsson M, Lofdahl K, Palmqvist M, Millqvist E. 

Sensitivity to environmental irritants and capsaicin cough reaction in patients with a 

positive methacholine provocation test before and after treatment with inhaled 

corticosteroids. J Asthma. 2011;48:482-9. 

393. Choudry NB, Fuller RW, Pride NB. Sensitivity of the human cough reflex: effect of 

inflammatory mediators prostaglandin E2, bradykinin, and histamine. Am Rev Respir 

Dis. 1989;140:137-41. 

394. Fujimura M, Kasahara K, Yasui M, Myou S, Ishiura Y, Kamio Y, et al. Atopy in cough 

sensitivity to capsaicin and bronchial responsiveness in young females. Eur Respir J. 

1998;11:1060-3. 

395. Prudon B, Birring SS, Vara DD, Hall AP, Thompson JP, Pavord ID. Cough and glottic-

stop reflex sensitivity in health and disease. Chest. 2005;127:550-7. 

396. Niimi A, Torrego A, Nicholson AG, Cosio BG, Oates TB, Chung KF. Nature of airway 

inflammation and remodeling in chronic cough. J Allergy Clin Immunol. 

2005;116:565-70. 

397. Schmidt D, Jorres RA, Magnussen H. Citric acid-induced cough thresholds in normal 

subjects, patients with bronchial asthma, and smokers. Eur J Med Res. 1997;2:384-5. 

398. Di Franco A, Dente FL, Giannini D, Vagaggini B, Conti I, Macchioni P, et al. Effects 

of inhaled corticosteroids on cough threshold in patients with bronchial asthma. Pulm 

Pharmacol Ther. 2001;14:35-40. 

399. Fujimura M, Sakamoto S, Kamio Y, Matsuda T. Cough receptor sensitivity and 

bronchial responsiveness in normal and asthmatic subjects. Eur Respir J. 1992;5:291-5. 



 

 

197 

 

400. Fujimura M, Sakamoto S, Kamio Y, Saito M, Miyake Y, Yasui M, et al. Cough 

threshold to inhaled tartaric acid and bronchial responsiveness to methacholine in 

patients with asthma and sino-bronchial syndrome. Intern Med. 1992;31:17-21. 

401. Purokivi M, Koskela H, Kontra K. Determinants of asthma control and quality of life in 

stable asthma: evaluation of two new cough provocation tests. Clin Respir J. 

2013;7:253-60. 

402. Fukumitsu K, Kanemitsu Y, Asano T, Takeda N, Ichikawa H, Yap JMG, et al. 

Tiotropium attenuates refractory cough and capsaicin cough reflex sensitivity in 

patients with asthma. J Allergy Clin Immunol Pract. 2018;6:1613-20. 

403. Wang R, Fowler SJ, Niven R, Ryan D, Holt K, Mitchell J, et al. Investigating the safety 

of capsaicin cough challenge in severe asthma. Clin Exp Allergy. 2019;49:932-4. 

404. Minoguchi H, Minoguchi K, Tanaka A, Matsuo H, Kihara N, Adachi M. Cough 

receptor sensitivity to capsaicin does not change after allergen bronchoprovocation in 

allergic asthma. Thorax. 2003;58:19-22. 

405. Humbert M, Menz G, Ying S, Corrigan CJ, Robinson DS, Durham SR, et al. The 

immunopathology of extrinsic (atopic) and intrinsic (non-atopic) asthma: more 

similarities than differences. Immunol Today. 1999;20:528-33. 

406. Humbert M. Does "intrinsic" asthma exist? Rev Mal Respir. 2000;17:245-54. 

407. Pekkanen J, Lampi J, Genuneit J, Hartikainen AL, Jarvelin MR. Analyzing atopic and 

non-atopic asthma. Eur J Epidemiol. 2012;27:281-6. 

408. Woodruff PG, Boushey HA, Dolganov GM, Barker CS, Yang YH, Donnelly S, et al. 

Genome-wide profiling identifies epithelial cell genes associated with asthma and with 

treatment response to corticosteroids. Proc Natl Acad Sci U S A. 2007;104:858-63. 

409. Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger A, et al. T-helper type 

2-driven inflammation defines major subphenotypes of asthma. Am J Respir Crit Care 

Med. 2009;180:388-95. 

410. Baines KJ, Simpson JL, Wood LG, Scott RJ, Fibbens NL, Powell H, et al. Sputum gene 

expression signature of 6 biomarkers discriminates asthma inflammatory phenotypes. J 

Allergy Clin Immunol. 2014;133:997-1007. 

411. Peters MC, Ringel L, Dyjack N, Herrin R, Woodruff PG, Rios C, et al. A 

transcriptomic method to determine airway immune dysfunction in t2-high and t2-low 

asthma. Am J Respir Crit Care Med. 2019;199:465-77. 

412. Kuo CS, Pavlidis S, Loza M, Baribaud F, Rowe A, Pandis I, et al. T-helper cell type 2 

(Th2) and non-Th2 molecular phenotypes of asthma using sputum transcriptomics in U-

BIOPRED. Eur Respir J. 2017;49:160-213. 

413. Ellis AG. The pathological anatomy of bronchial asthma. Am J Med Sci. 

1908;136:407-29. 

414. Pavord ID, Brightling CE, Woltmann G, Wardlaw AJ. Non-eosinophilic corticosteroid 

unresponsive asthma. The Lancet. 1999;353:2213-4. 

415. Turner MO, Hussack P, Sears MR, Dolovich J, Hargreave FE. Exacerbations of asthma 

without sputum eosinophilia. Thorax. 1995;50:1057-61. 

416. Fahy JV. Type 2 inflammation in asthma-present in most, absent in many. Nat Rev 

Immunol. 2015;15:57-65. 

417. McGrath KW, Icitovic N, Boushey HA, Lazarus SC, Sutherland ER, Chinchilli VM, et 

al. A large subgroup of mild-to-moderate asthma is persistently noneosinophilic. Am J 

Respir Crit Care Med. 2012;185:612-9. 

418. de Groot JC, Ten Brinke A, Bel EH. Management of the patient with eosinophilic 

asthma: a new era begins. ERJ Open Res. 2015;1. 



 

 

198 

 

419. Schleich FN, Brusselle G, Louis R, Vandenplas O, Michils A, Pilette C, et al. Belgian 

Severe Asthma Registry. Which biotherapy to choose according to inflammatory 

characteristics? J Allergy Clin Immunol. 2017;139:11. 

420. Chakir J, Loubaki L, Laviolette M, Milot J, Biardel S, Jayaram L, et al. Monitoring 

sputum eosinophils in mucosal inflammation and remodelling: a pilot study. Eur Respir 

J. 2010;35:48-53. 

421. Lemiere C, Ernst P, Olivenstein R, Yamauchi Y, Govindaraju K, Ludwig MS, et al. 

Airway inflammation assessed by invasive and noninvasive means in severe asthma: 

eosinophilic and noneosinophilic phenotypes. J Allergy Clin Immunol. 2006;118:1033-

9. 

422. Berry M, Morgan A, Shaw DE, Parker D, Green R, Brightling C, et al. Pathological 

features and inhaled corticosteroid response of eosinophilic and non-eosinophilic 

asthma. Thorax. 2007;62:1043-9. 

423. Berry MA, Shaw DE, Green RH, Brightling CE, Wardlaw AJ, Pavord ID. The use of 

exhaled nitric oxide concentration to identify eosinophilic airway inflammation: an 

observational study in adults with asthma. Clin Exp Allergy. 2005;35:1175-9. 

424. Carr TF, Zeki AA, Kraft M. Eosinophilic and noneosinophilic asthma. Am J Respir Crit 

Care Med. 2018;197:22-37. 

425. Schleich FN, Manise M, Sele J, Henket M, Seidel L, Louis R. Distribution of sputum 

cellular phenotype in a large asthma cohort: predicting factors for eosinophilic vs 

neutrophilic inflammation. BMC Pulm Med. 2013;13:11. 

426. Arron JR, Choy DF, Laviolette M, Kelsen SG, Hatab A, Leigh R, et al. Disconnect 

between sputum neutrophils and other measures of airway inflammation in asthma. Eur 

Respir J. 2014;43:627-9. 

427. Lee YJ, Kim KW, Choi BS, Sohn MH, Kim KE. Clinical characteristics of eosinophilic 

and noneosinophilic asthma in children. Acta Paediatr. 2013;102:53-7. 

428. Woodruff PG, Khashayar R, Lazarus SC, Janson S, Avila P, Boushey HA, et al. 

Relationship between airway inflammation, hyperresponsiveness, and obstruction in 

asthma. J Allergy Clin Immunol. 2001;108:753-8. 

429. Bjerregaard A, Laing IA, Backer V, Fally M, Khoo SK, Chidlow G, et al. Clinical 

characteristics of eosinophilic asthma exacerbations. Respirology. 2017;22:295-300. 

430. Deng K, Zhang X, Liu Y, Zhang L, Wang G, Feng M, et al. Heterogeneity of 

paucigranulocytic asthma: A prospective cohort study with hierarchical cluster analysis. 

J Allergy Clin Immunol Pract. 2021;9:2344-55. 

431. Demarche SF, Schleich FN, Henket MA, Paulus VA, Van Hees TJ, Louis RE. 

Effectiveness of inhaled corticosteroids in real life on clinical outcomes, sputum cells 

and systemic inflammation in asthmatics: a retrospective cohort study in a secondary 

care centre. BMJ Open. 2017;7:18-186. 

432. Rabinovitch N, Mauger DT, Reisdorph N, Covar R, Malka J, Lemanske RF, et al. 

Predictors of asthma control and lung function responsiveness to step 3 therapy in 

children with uncontrolled asthma. J Allergy Clin Immunol. 2014;133:350-6. 

433. Szefler SJ, Phillips BR, Martinez FD, Chinchilli VM, Lemanske RF, Strunk RC, et al. 

Characterization of within-subject responses to fluticasone and montelukast in 

childhood asthma. J Allergy Clin Immunol. 2005;115:233-42. 

434. Ying S, Humbert M, Barkans J, Corrigan CJ, Pfister R, Menz G, et al. Expression of 

IL-4 and IL-5 mRNA and protein product by CD4+ and CD8+ T cells, eosinophils, and 

mast cells in bronchial biopsies obtained from atopic and nonatopic (intrinsic) 

asthmatics. J Immunol. 1997;158:3539-44. 



 

 

199 

 

435. Dougherty RH, Sidhu SS, Raman K, Solon M, Solberg OD, Caughey GH, et al. 

Accumulation of intraepithelial mast cells with a unique protease phenotype in T(H)2-

high asthma. J Allergy Clin Immunol. 2010;125:1046-53. 

436. Petsky HL, Kew KM, Turner C, Chang AB. Exhaled nitric oxide levels to guide 

treatment for adults with asthma. Cochrane Database Syst Rev. 2016;9:11-44. 

437. Simpson JL, Yang IA, Upham JW, Reynolds PN, Hodge S, James AL, et al. Periostin 

levels and eosinophilic inflammation in poorly-controlled asthma. BMC Pulm Med. 

2016;16:67-70. 

438. Gao J, Wu F. Association between fractional exhaled nitric oxide, sputum induction 

and peripheral blood eosinophil in uncontrolled asthma. Allergy Asthma Clin Immunol. 

2018;14:21. 

439. Ueki S, Miyabe Y, Yamamoto Y, Fukuchi M, Hirokawa M, Spencer LA, et al. Charcot-

Leyden crystals in eosinophilic inflammation: Active cytolysis leads to crystal 

formation. Curr Allergy Asthma Rep. 2019;19:35. 

440. Parra A, Prieto I, Sanz ML, Dieguez I, Resano A, Oehling AK. Serum ECP levels in 

asthmatic patients: comparison with other follow-up parameters. Allergy Asthma Proc. 

1996;17:191-7. 

441. Shi B, Li W, Dong H, Xu M, Hao Y, Gao P. Distribution of inflammatory phenotypes 

among patients with asthma in Jilin Province, China: a cross-sectional study. BMC 

Pulm Med. 2021;21:364. 

442. Fleming L, Wilson N, Regamey N, Bush A. Use of sputum eosinophil counts to guide 

management in children with severe asthma. Thorax. 2012;67:193-8. 

443. Ntontsi P, Loukides S, Bakakos P, Kostikas K, Papatheodorou G, Papathanassiou E, et 

al. Clinical, functional and inflammatory characteristics in patients with 

paucigranulocytic stable asthma: comparison with different sputum phenotypes. 

Allergy. 2017;72:1761-7. 

444. Baines KJ, Simpson JL, Wood LG, Scott RJ, Gibson PG. Transcriptional phenotypes of 

asthma defined by gene expression profiling of induced sputum samples. J Allergy Clin 

Immunol. 2011;127:153-60. 

445. Hastie AT, Moore WC, Meyers DA, Vestal PL, Li H, Peters SP, et al. Analyses of 

asthma severity phenotypes and inflammatory proteins in subjects stratified by sputum 

granulocytes. J Allergy Clin Immunol. 2010;125:1028-36. 

446. Takaku Y, Soma T, Uchida Y, Kobayashi T, Nakagome K, Nagata M. CXC chemokine 

superfamily induced by Interferon-gamma in asthma: a cross-sectional observational 

study. Asthma Res Pract. 2016;2:6. 

447. Chu DK, Al-Garawi A, Llop-Guevara A, Pillai RA, Radford K, Shen P, et al. 

Therapeutic potential of anti-IL-6 therapies for granulocytic airway inflammation in 

asthma. Allergy Asthma Clin Immunol. 2015;11:14. 

448. Esteban-Gorgojo I, Antolin-Amerigo D, Dominguez-Ortega J, Quirce S. Non-

eosinophilic asthma: current perspectives. J Asthma Allergy. 2018;11:267-81. 

449. Scott HA, Gibson PG, Garg ML, Wood LG. Airway inflammation is augmented by 

obesity and fatty acids in asthma. Eur Respir J. 2011;38:594-602. 

450. Chalmers GW, MacLeod KJ, Thomson L, Little SA, McSharry C, Thomson NC. 

Smoking and airway inflammation in patients with mild asthma. Chest. 2001;120:1917-

22. 

451. Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al. Sputum neutrophil 

counts are associated with more severe asthma phenotypes using cluster analysis. J 

Allergy Clin Immunol. 2014;133:1557-63. 



 

 

200 

 

452. Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Barnes PJ. Neutrophilic 

inflammation in severe persistent asthma. Am J Respir Crit Care Med. 1999;160:1532-

9. 

453. Shaw DE, Berry MA, Hargadon B, McKenna S, Shelley MJ, Green RH, et al. 

Association between neutrophilic airway inflammation and airflow limitation in adults 

with asthma. Chest. 2007;132:1871-5. 

454. Busacker A, Newell JD, Keefe T, Hoffman EA, Granroth JC, Castro M, et al. A 

multivariate analysis of risk factors for the air-trapping asthmatic phenotype as 

measured by quantitative CT analysis. Chest. 2009;135:48-56. 

455. Gupta S, Siddiqui S, Haldar P, Raj JV, Entwisle JJ, Wardlaw AJ, et al. Qualitative 

analysis of high-resolution CT scans in severe asthma. Chest. 2009;136:1521-8. 

456. Simpson JL, Scott RJ, Boyle MJ, Gibson PG. Differential proteolytic enzyme activity 

in eosinophilic and neutrophilic asthma. Am J Respir Crit Care Med. 2005;172:559-65. 

457. Anees W, Huggins V, Pavord ID, Robertson AS, Burge PS. Occupational asthma due 

to low molecular weight agents: eosinophilic and non-eosinophilic variants. Thorax. 

2002;57:231-6. 

458. Taylor SL, Leong LEX, Choo JM, Wesselingh S, Yang IA, Upham JW, et al. 

Inflammatory phenotypes in patients with severe asthma are associated with distinct 

airway microbiology. J Allergy Clin Immunol. 2018;141:94-103. 

459. Green BJ, Wiriyachaiporn S, Grainge C, Rogers GB, Kehagia V, Lau L, et al. 

Potentially pathogenic airway bacteria and neutrophilic inflammation in treatment 

resistant severe asthma. PLoS One. 2014;9:100-64. 

460. Pembrey L, Brooks C, Mpairwe H, Figueiredo CA, Oviedo AY, Chico M, et al. Asthma 

inflammatory phenotypes on four continents: most asthma is non-eosinophilic. Int J 

Epidemiol. 2023;52:611-23. 

461. Tliba O, Panettieri RA. Paucigranulocytic asthma: Uncoupling of airway obstruction 

from inflammation. J Allergy Clin Immunol. 2019;143:1287-94. 

462. Schleich FN, Demarche S, Louis R. Biomarkers in the management of difficult asthma. 

Curr Top Med Chem. 2016;16:1561-73. 

463. Zhang JY, Wenzel SE. Tissue and BAL based biomarkers in asthma. Immunol Allergy 

Clin North Am. 2007;27:623-32. 

464. Tsang YP, Marchant JM, Li AM, Chang AB. Stability of sputum inflammatory 

phenotypes in childhood asthma during stable and exacerbation phases. Pediatr 

Pulmonol. 2021;56:1484-9. 

465. Jayaram L, Pizzichini MM, Cook RJ, Boulet LP, Lemiere C, Pizzichini E, et al. 

Determining asthma treatment by monitoring sputum cell counts: effect on 

exacerbations. Eur Respir J. 2006;27:483-94. 

466. van Veen IH, Ten Brinke A, Gauw SA, Sterk PJ, Rabe KF, Bel EH. Consistency of 

sputum eosinophilia in difficult-to-treat asthma: a 5-year follow-up study. J Allergy 

Clin Immunol. 2009;124:615-7. 

467. Kupczyk M, Dahlen B, Sterk PJ, Nizankowska-Mogilnicka E, Papi A, Bel EH, et al. 

Stability of phenotypes defined by physiological variables and biomarkers in adults 

with asthma. Allergy. 2014;69:1198-204. 

468. Al-Samri MT, Benedetti A, Prefontaine D, Olivenstein R, Lemiere C, Nair P, et al. 

Variability of sputum inflammatory cells in asthmatic patients receiving corticosteroid 

therapy: A prospective study using multiple samples. J Allergy Clin Immunol. 

2010;125:1161-3. 

469. D'Silva L, Hassan N, Wang HY, Kjarsgaard M, Efthimiadis A, Hargreave FE, et al. 

Heterogeneity of bronchitis in airway diseases in tertiary care clinical practice. Can 

Respir J. 2011;18:144-8. 



 

 

201 

 

470. Loza MJ, Djukanovic R, Chung KF, Horowitz D, Ma K, Branigan P, et al. Validated 

and longitudinally stable asthma phenotypes based on cluster analysis of the ADEPT 

study. Respir Res. 2016;17:165. 

471. Deykin A, Lazarus SC, Fahy JV, Wechsler ME, Boushey HA, Chinchilli VM, et al. 

Sputum eosinophil counts predict asthma control after discontinuation of inhaled 

corticosteroids. J Allergy Clin Immunol. 2005;115:720-7. 

472. Jatakanon A, Lim S, Barnes PJ. Changes in sputum eosinophils predict loss of asthma 

control. Am J Respir Crit Care Med. 2000;161:64-72. 

473. Hansbro NG, Horvat JC, Wark PA, Hansbro PM. Understanding the mechanisms of 

viral induced asthma: new therapeutic directions. Pharmacol Ther. 2008;117:313-53. 

474. Satia I, O'Byrne PM. Identifying a neurophenotype in severe asthma. Am J Respir Crit 

Care Med. 2020;201:1024-5. 

475. Gupta S, Hartley R, Khan UT, Singapuri A, Hargadon B, Monteiro W, et al. 

Quantitative computed tomography-derived clusters: redefining airway remodeling in 

asthmatic patients. J Allergy Clin Immunol. 2014;133:729-38. 

476. Chen C ZG, Lv D, An J, Tian C, Zhao Y. Prevalence, economic burden, and 

neurophenotype of asthma. Explor Res Hypothesis Med. 2022;1. 

477. Douwes J, Brooks C, Pearce N. Asthma nervosa: old concept, new insights. Eur Respir 

J. 2011;37:986-90. 

478. Fujimura M, Kamio Y, Hashimoto T, Matsuda T. Airway cough sensitivity to inhaled 

capsaicin and bronchial responsiveness to methacholine in asthmatic and bronchitic 

subjects. Respirology. 1998;3:267-72. 

479. Chang AB, Gibson PG, Willis C, Petsky HL, Widdicombe JG, Masters IB, et al. Do sex 

and atopy influence cough outcome measurements in children? Chest. 2011;140:324-

30. 

480. De Diego A, Martinez E, Perpina M, Nieto L, Compte L, Macian V, et al. Airway 

inflammation and cough sensitivity in cough-variant asthma. Allergy. 2005;60:1407-11. 

481. Chang AB, Gibson PG. Relationship between cough, cough receptor sensitivity and 

asthma in children. Pulm Pharmacol Ther. 2002;15:287-91. 

482. Tatar M, Petriskova J, Zucha J, Pecova R, Hutka Z, Raffajova J, et al. Induced sputum 

eosinophils, bronchial reactivity, and cough sensitivity in subjects with allergic rhinitis. 

J Physiol Pharmacol. 2005;56:227-36. 

483. Hastie AT, Moore WC, Li H, Rector BM, Ortega VE, Pascual RM, et al. Biomarker 

surrogates do not accurately predict sputum eosinophil and neutrophil percentages in 

asthmatic subjects. J Allergy Clin Immunol. 2013;132:72-80. 

484. Epton MJ, Town GI, Ingham T, Wickens K, Fishwick D, Crane J, et al. The New 

Zealand Asthma and Allergy Cohort Study (NZA2CS): assembly, demographics and 

investigations. BMC Public Health. 2007;7:26. 

485. Weiland SK, Bjorksten B, Brunekreef B, Cookson WO, von Mutius E, Strachan DP, et 

al. Phase II of the International Study of Asthma and Allergies in Childhood (ISAAC 

II) programme: rationale and methods. Eur Respir J. 2004;24:406-12. 

486. Brooks CR, Brogan SB, van Dalen CJ, Lampshire PK, Crane J, Douwes J. 

Measurement of exhaled nitric oxide in a general population sample: a comparison of 

the Medisoft HypAir FE(NO) and Aerocrine NIOX analyzers. J Asthma. 2011;48:324-

8. 

487. Nadif R, Siroux V, Oryszczyn MP, Ravault C, Pison C, Pin I, et al. Heterogeneity of 

asthma according to blood inflammatory patterns. Thorax. 2009;64:374-80. 

488. Gibson PG, Wlodarczyk JW, Hensley MJ, Gleeson M, Henry RL, Cripps AW, et al. 

Epidemiological association of airway inflammation with asthma symptoms and airway 

hyperresponsiveness in childhood. Am J Respir Crit Care Med. 1998;158:36-41. 



 

 

202 

 

489. Jesenak M, Babusikova E, Petrikova M, Turcan T, Rennerova Z, Michnova Z, et al. 

Cough reflex sensitivity in various phenotypes of childhood asthma. J Physiol 

Pharmacol. 2009;60 Suppl 5:61-5. 

490. Sin B, Togias A. Pathophysiology of allergic and nonallergic rhinitis. Proc Am Thorac 

Soc. 2011;8:106-14. 

491. Dicpinigaitis PV, Allusson VR, Baldanti A, Nalamati JR. Ethnic and gender differences 

in cough reflex sensitivity. Respiration. 2001;68:480-2. 

492. Knopfli BH, Bar-Or O, Araujo CG. Effect of ipratropium bromide on EIB in children 

depends on vagal activity. Med Sci Sports Exerc. 2005;37:354-9. 

493. Abdulqawi R, Dockry R, Holt K, Layton G, McCarthy BG, Ford AP, et al. P2X3 

receptor antagonist (AF-219) in refractory chronic cough: a randomised, double-blind, 

placebo-controlled phase 2 study. The Lancet. 2015;385:1198-205. 

494. van Rijswijk JB, Boeke EL, Keizer JM, Mulder PG, Blom HM, Fokkens WJ. Intranasal 

capsaicin reduces nasal hyperreactivity in idiopathic rhinitis: a double-blind 

randomized application regimen study. Allergy. 2003;58:754-61. 

495. Gibson PG. What do non-eosinophilic asthma and airway remodelling tell us about 

persistent asthma? Thorax. 2007;62:1034-6. 

496. Jenkins MA, Clarke JR, Carlin JB, Robertson CF, Hopper JL, Dalton MF, et al. 

Validation of questionnaire and bronchial hyperresponsiveness against respiratory 

physician assessment in the diagnosis of asthma. Int J Epidemiol. 1996;25:609-16. 

497. Saul JP, Valenza G. Heart rate variability and the dawn of complex physiological signal 

analysis: methodological and clinical perspectives. Philos Trans A Math Phys Eng Sci. 

2021;379:255. 

498. Jartti TT, Kaila TJ, Tahvanainen KU, Kuusela TA, Vanto TT, Valimaki IA. Altered 

cardiovascular autonomic regulation after 2-week inhaled salbutamol treatment in 

asthmatic children. Eur J Pediatr. 1997;156:883-8. 

499. Ali H, Brooks C, Crane J, Beasley R, Holgate S, Gibson P, et al. Enhanced airway 

sensory nerve reactivity in non-eosinophilic asthma. BMJ Open Respir Res. 2021;8. 

500. Eryonucu B, Uzun K, Guler N, Tuncer M, Sezgi C. Comparison of the short-term 

effects of salmeterol and formoterol on heart rate variability in adult asthmatic patients. 

Chest. 2005;128:1136-9. 

501. Choi JB, Hong S, Nelesen R, Bardwell WA, Natarajan L, Schubert C, et al. Age and 

ethnicity differences in short-term heart-rate variability. Psychosom Med. 2006;68:421-

6. 

502. Jartti TT, Tahvanainen KU, Kaila TJ, Kuusela TA, Koivikko AS, Vanto TT, et al. 

Cardiovascular autonomic regulation in asthmatic children evidenced by spectral 

analysis of heart rate and blood pressure variability. Scand J Clin Lab Invest. 

1996;56:545-54. 

503. Hashimoto A, Maeda H, Yokoyama M. Augmentation of parasympathetic nerve 

function in patients with extrinsic bronchial asthma-evaluation by coefficiency of 

variance of R-R interval with modified long-term ECG monitoring system. Kobe J Med 

Sci. 1996;42:347-59. 

504. Heathers JA. Everything Hertz: methodological issues in short-term frequency-domain 

HRV. Front Physiol. 2014;5:177. 

505. Malliani A, Pagani M, Lombardi F. Physiology and clinical implications of variability 

of cardiovascular parameters with focus on heart rate and blood pressure. Am J Cardiol. 

1994;73:3-9. 

506. Akselrod S, Gordon D, Ubel FA, Shannon DC, Berger AC, Cohen RJ. Power spectrum 

analysis of heart rate fluctuation: a quantitative probe of beat-to-beat cardiovascular 

control. Science. 1981;213:220-2. 



 

 

203 

 

507. Tarkiainen TH, Timonen KL, Tiittanen P, Hartikainen JE, Pekkanen J, Hoek G, et al. 

Stability over time of short-term heart rate variability. Clin Auton Res. 2005;15:394-9. 

508. Aysin B, Aysin E. Effect of respiration in heart rate variability (HRV) analysis. 

Conference proceedings. IEEE Eng Med Biol Soc. 2006;1:1776-9. 

509. Lemanske RF, Busse WW. Asthma: clinical expression and molecular mechanisms. J 

Allergy Clin Immunol. 2010;125:95-102. 

510. Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular approaches. 

Nat Med. 2012;18:716-25. 

511. Canning BJ. Reflex regulation of airway smooth muscle tone. J Appl Physiol. 

2006;101:971-85. 

512. Jang AS, Choi IS. Eosinophil activation markers in induced sputum in asthmatics. 

Korean J Intern Med. 2000;15:1-7. 

513. Kim CK. Eosinophil-derived neurotoxin: a novel biomarker for diagnosis and 

monitoring of asthma. Korean J Pediatr. 2013;56:8-12. 

514. Wood LG, Baines KJ, Fu J, Scott HA, Gibson PG. The neutrophilic inflammatory 

phenotype is associated with systemic inflammation in asthma. Chest. 2012;142:86-93. 

515. Watanabe T, Fajt ML, Trudeau JB, Voraphani N, Hu H, Zhou X, et al. Brain-derived 

neurotrophic factor expression in asthma. Association with severity and type 2 

inflammatory processes. Am J Respir Cell Mol Biol. 2015;53:844-52. 

516. Peng QF, Kong LF. The levels of nerve growth factor and IL-4 in induced sputum and 

characteristics of airway inflammation in cough variant asthma. Zhonghua Nei Ke Za 

Zhi. 2011;50:221-4. 

517. Yamaguchi M, Niimi A, Matsumoto H, Ueda T, Takemura M, Matsuoka H, et al. 

Sputum levels of transforming growth factor-beta1 in asthma: relation to clinical and 

computed tomography findings. J Investig Allergol Clin Immunol. 2008;18:202-6. 

518. Zou H, Fang QH, Ma YM, Wang XY. Analysis of growth factors in serum and induced 

sputum from patients with asthma. Exp Ther Med. 2014;8:573-8. 

519. Tanaka H, Miyazaki N, Oashi K, Tanaka S, Ohmichi M, Abe S. Sputum matrix 

metalloproteinase-9: tissue inhibitor of metalloproteinase-1 ratio in acute asthma. J 

Allergy Clin Immunol. 2000;105:900-5. 

520. Desai D, Gupta S, Siddiqui S, Singapuri A, Monteiro W, Entwisle J, et al. Sputum 

mediator profiling and relationship to airway wall geometry imaging in severe asthma. 

Respir Res. 2013;14. 

521. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. 

Standardisation of spirometry. Eur Respir J. 2005;26:319-38. 

522. Pellegrino R, Viegi G, Brusasco V, Crapo RO, Burgos F, Casaburi R, et al. 

Interpretative strategies for lung function tests. Eur Respir J. 2005;26:948-68. 

523. Douwes J, Wouters I, Dubbeld H, van Zwieten L, Steerenberg P, Doekes G, et al. 

Upper airway inflammation assessed by nasal lavage in compost workers: A relation 

with bio-aerosol exposure. Am J Ind Med. 2000;37:459-68. 

524. Yadav S. Correlation analysis in biological studies. J Practice of Cardiovascular 

Sciences. 2018;4:116-21. 

525. D'Agostino B, Sgambato M, Esposito R, Spaziano G. N/OFQ-NOP system and 

airways. Handb Exp Pharmacol. 2019;254:313-22. 

526. Corboz MR, Rivelli MA, Egan RW, Tulshian D, Matasi J, Fawzi AB, et al. Nociceptin 

inhibits capsaicin-induced bronchoconstriction in isolated guinea pig lung. Eur J 

Pharmacol. 2000;402:171-9. 

527. McLeod RL, Parra LE, Mutter JC, Erickson CH, Carey GJ, Tulshian DB, et al. 

Nociceptin inhibits cough in the guinea-pig by activation of ORL(1) receptors. Br J 

Pharmacol. 2001;132:1175-8. 



 

 

204 

 

528. Singh SR, Sullo N, Matteis M, Spaziano G, McDonald J, Saunders R, et al. S18 

Activation of nociceptin orphanin FQ (N/OFQ) – N/OFQ peptide (NOP) receptor 

system plays a key immunomodulatory role in asthma. Thorax. 2013;68:12-3. 

529. Singh SR, Sullo N, Matteis M, Spaziano G, McDonald J, Saunders R, et al. 

Nociceptin/orphanin FQ (N/OFQ) modulates immunopathology and airway 

hyperresponsiveness representing a novel target for the treatment of asthma. Br J 

Pharmacol. 2016;173:1286-01. 

530. Nadel JA. Neutral endopeptidase modulates neurogenic inflammation. Eur Respir J. 

1991;4:745-54. 

531. Li W, Gao P, Zhi Y, Xu W, Wu Y, Yin J, et al. Periostin: its role in asthma and its 

potential as a diagnostic or therapeutic target. Respir Res. 2015;16:57-75. 

532. Cui M, Chen S, Qiu C, Tao W, Wu F, Tao Y. Relationship between airway remodeling 

and inflammatory mediators and cytokines in sputum in patients with bronchial asthma. 

Zhonghua Jie He He Hu Xi Za Zhi. 2002;25:344-6. 

533. Hastie AT, Steele C, Dunaway CW, Moore WC, Rector BM, Ampleford E, et al. 

Complex association patterns for inflammatory mediators in induced sputum from 

subjects with asthma. Clin Exp Allergy. 2018;48:787-97. 

534. Chung FT, Huang HY, Lo CY, Huang YC, Lin CW, He CC, et al. Increased ratio of 

matrix metalloproteinase-9 (MMP-9)/tissue inhibitor metalloproteinase-1 from alveolar 

macrophages in chronic asthma with a fast decline in FEV1 at 5-year follow-up. J Clin 

Med. 2019;8. 

535. Chu HW, Trudeau JB, Balzar S, Wenzel SE. Peripheral blood and airway tissue 

expression of transforming growth factor beta by neutrophils in asthmatic subjects and 

normal control subjects. J Allergy Clin Immunol. 2000;106:1115-23. 

536. Caroleo MC, Costa N, Bracci-Laudiero L, Aloe L. Human monocyte/macrophages 

activate by exposure to LPS overexpress NGF and NGF receptors. J Neuroimmunol. 

2001;113:193-201. 

537. Basyigit I, Yildiz F, Kacar Ozkara S, Boyaci H, Ilgazli A, Ozkarakas O. Effects of 

different anti-asthmatic agents on induced sputum and eosinophil cationic protein in 

mild asthmatics. Respirology. 2004;9:514-20. 

538. Restrepo RD. Use of inhaled anticholinergic agents in obstructive airway disease. 

Respir Care. 2007;52:833-51. 

539. Tanaka A. Past, present and future therapeutics of asthma: A Review. J General and 

Family Medicine. 2015;16:158-69. 

540. Chhabra SK, Pandey KK. Comparison of acute bronchodilator effects of inhaled 

ipratropium bromide and salbutamol in bronchial asthma. J Asthma. 2002;39:375-81. 

541. van Schayck CP, Folgering H, Harbers H, Maas KL, van Weel C. Effects of allergy and 

age on responses to salbutamol and ipratropium bromide in moderate asthma and 

chronic bronchitis. Thorax. 1991;46:355-9. 

542. Cox ID, Hughes DT, McDonnell KA. Ipratropium bromide in patients with nocturnal 

asthma. Postgrad Med J. 1984;60:526-8. 

543. Jolobe OM. Asthma vs non-specific reversible airflow obstruction: clinical features and 

responsiveness to anticholinergic drugs. Respiration. 1984;45:237-42. 

544. Buhl R, Hamelmann E. Future perspectives of anticholinergics for the treatment of 

asthma in adults and children. Ther Clin Risk Manag. 2019;15:473-85. 

545. Reddel HK, Bacharier LB, Bateman ED, Brightling CE, Brusselle GG, Buhl R, et al. 

Global Initiative for Asthma strategy: Executive summary and rationale for key 

changes. Am J Respir Crit Care Med. 2022;205:17-35. 

546. NHANES. Respiratory Health Spirometry Procedures Manual. 2008. 



 

 

205 

 

547. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. 

Standardisation of spirometry. Eur Respir J. 2005;26:319-38. 

548. Hancox RJ, Aldridge RE, Cowan JO, Flannery EM, Herbison GP, McLachlan CR, et 

al. Tolerance to beta-agonists during acute bronchoconstriction. Eur Respir J. 

1999;14:283-7. 

549. Ullah MI, Newman GB, Saunders KB. Influence of age on response to ipratropium and 

salbutamol in asthma. Thorax. 1981;36:523-9. 

550. Quezada A, Mallol J, Moreno J, Rodriguez J. Effect of different inhaled 

bronchodilators on recovery from methacholine-induced bronchoconstriction in 

asthmatic children. Pediatr Pulmonol. 1999;28:125-9. 

551. Heffler E, Crimi C, Campisi R, Sichili S, Nicolosi G, Porto M, et al. Bronchodilator 

response as a marker of poor asthma control. Respir Med. 2016;112:45-50. 

552. Louis R, Bougard N, Guissard F, Paulus V, Henket M, Schleich FN. Bronchodilation 

test with inhaled salbutamol versus bronchial methacholine challenge to make an 

asthma diagnosis: Do they provide the same information? J Allergy Clin Immunol 

Pract. 2020;8:618-25. 

553. Janson C, Malinovschi A, Amaral AFS, Accordini S, Bousquet J, Buist AS, et al. 

Bronchodilator reversibility in asthma and COPD: findings from three large population 

studies. Eur Respir J. 2019;54. 

554. Islam MS, Huq S, Ahmed S, Roy S, Schwarze J, Sheikh A, et al. Operational 

definitions of paediatric asthma used in epidemiological studies: A systematic review. J 

Glob Health. 2021;11:04-32. 

555. Kavanagh J, Jackson DJ, Kent BD. Over- and under-diagnosis in asthma. Breathe. 

2019;15:20-7. 

556. Hancox RJ, Cowan DC, Aldridge RE, Cowan JO, Palmay R, Williamson A, et al. 

Asthma phenotypes: consistency of classification using induced sputum. Respirology. 

2012;17:461-6. 

557. Simpson JL, Guest M, Boggess MM, Gibson PG. Occupational exposures, smoking 

and airway inflammation in refractory asthma. BMC Pulm Med. 2014;14:207. 

558. Hox V, Steelant B, Fokkens W, Nemery B, Hellings PW. Occupational upper airway 

disease: how work affects the nose. Allergy. 2014;69:282-91. 

559. Spring PJ, Kok C, Nicholson GA, Ing AJ, Spies JM, Bassett ML, et al. Autosomal 

dominant hereditary sensory neuropathy with chronic cough and gastro-oesophageal 

reflux: clinical features in two families linked to chromosome. Brain. 2005;128:2797-

810. 

560. Niimi A. Cough and Asthma. Curr Respir Med Rev. 2011;7:47-54. 

561. McDonald VM, Fingleton J, Agusti A, Hiles SA, Clark VL, Holland AE, et al. 

Treatable traits: a new paradigm for 21st century management of chronic airway 

diseases: Treatable Traits Down Under International Workshop report. Eur Respir J. 

2019;53:180-205. 

562. Schiwe D, Vendrusculo FM, Becker NA, Donadio MVF. Impact of asthma on heart 

rate variability in children and adolescents: Systematic review and meta-analysis. 

Pediatr Pulmonol. 2023;58:1310-21. 

563. Fang LB, Wu Y, Zhang LF, Fang WQ. Inhibition by nociceptin on excitatory non-

adrenergic non-cholinergic response in guinea pig airways. Acta Pharmacol Sin. 

2001;22:561-5. 

564. Wtorek K, Janecka A. Potential of nociceptin/orphanin FQ peptide analogs for drug 

development. Chem Biodivers. 2021;18:20-87. 



 

 

206 

 

565. Ubaldi M, Cannella N, Borruto AM, Petrella M, Micioni Di Bonaventura MV, 

Soverchia L, et al. Role of nociceptin/orphanin FQ-NOP receptor system in the 

regulation of stress-related disorders. Int J Mol Sci. 2021;22. 

566. Fiset ME, Gilbert C, Poubelle PE, Pouliot M. Human neutrophils as a source of 

nociceptin: a novel link between pain and inflammation. Biochemistry. 2003;42:498-

505. 

567. Gavioli EC, de Medeiros IU, Monteiro MC, Calo G, Romao PR. Nociceptin/orphanin 

FQ-NOP receptor system in inflammatory and immune-mediated diseases. Vitam 

Horm. 2015;97:241-66. 

568. Serhan CN, Fierro IM, Chiang N, Pouliot M. Cutting edge: nociceptin stimulates 

neutrophil chemotaxis and recruitment: inhibition by aspirin-triggered-15-epi-lipoxin 

A4. J Immunol. 2001;166:3650-4. 

569. Barnes PJ. Cellular and molecular mechanisms of asthma and COPD. Clin Sci. 

2017;131:1541-58. 

570. Hamsten C, Haggmark A, Grundstrom J, Mikus M, Lindskog C, Konradsen JR, et al. 

Protein profiles of CCL5, HPGDS, and NPSR1 in plasma reveal association with 

childhood asthma. Allergy. 2016;71:1357-61. 

571. Arima K, Ohta S, Takagi A, Shiraishi H, Masuoka M, Ontsuka K, et al. Periostin 

contributes to epidermal hyperplasia in psoriasis common to atopic dermatitis. Allergol 

Int. 2015;64:41-8. 

572. Ishida A, Ohta N, Suzuki Y, Kakehata S, Okubo K, Ikeda H, et al. Expression of 

pendrin and periostin in allergic rhinitis and chronic rhinosinusitis. Allergol Int. 

2012;61:589-95. 

573. Nakamura H, Akashi K, Watanabe M, Ohta S, Ono J, Azuma Y, et al. Up-regulation of 

serum periostin and squamous cell carcinoma antigen levels in infants with acute 

bronchitis due to respiratory syncytial virus. Allergol Int. 2018;67:259-65. 

574. Garcia-Garcia ML, Calvo C, Moreira A, Canas JA, Pozo F, Sastre B, et al. Thymic 

stromal lymphopoietin, IL-33, and periostin in hospitalized infants with viral 

bronchiolitis. Medicine. 2017;96:67-87. 

575. Meyer N, Akdis CA. Vascular endothelial growth factor as a key inducer of 

angiogenesis in the asthmatic airways. Curr Allergy Asthma Rep. 2013;13:1-9. 

576. Asai K, Kanazawa H, Kamoi H, Shiraishi S, Hirata K, Yoshikawa J. Increased levels of 

vascular endothelial growth factor in induced sputum in asthmatic patients. Clin Exp 

Allergy. 2003;33:595-9. 

577. Lee HY, Min KH, Lee SM, Lee JE, Rhee CK. Clinical significance of serum vascular 

endothelial growth factor in young male asthma patients. Korean J Intern Med. 

2017;32:295-301. 

578. Lee CG, Ma B, Takyar S, Ahangari F, Delacruz C, He CH, et al. Studies of vascular 

endothelial growth factor in asthma and chronic obstructive pulmonary disease. Proc 

Am Thorac Soc. 2011;8:512-5. 

579. Shaik-Dasthagirisaheb YB, Varvara G, Murmura G, Saggini A, Potalivo G, Caraffa A, 

et al. Vascular endothelial growth factor (VEGF), mast cells and inflammation. Int J 

Immunopathol Pharmacol. 2013;26:327-35. 

580. Pizzichini E, Pizzichini MM, Efthimiadis A, Hargreave FE, Dolovich J. Measurement 

of inflammatory indices in induced sputum: effects of selection of sputum to minimize 

salivary contamination. Eur Respir J. 1996;9:1174-80. 

581. Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J, et al. TRPA1 

mediates the inflammatory actions of environmental irritants and proalgesic agents. 

Cell. 2006;124:1269-82. 



 

 

207 

 

582. Travers J, Marsh S, Williams M, Weatherall M, Caldwell B, Shirtcliffe P, et al. 

External validity of randomised controlled trials in asthma: to whom do the results of 

the trials apply? Thorax. 2007;62:219-23. 

583. Barjaktarevic I, Kaner R, Buhr RG, Cooper CB. Bronchodilator responsiveness or 

reversibility in asthma and COPD - a need for clarity. Int J Chron Obstruct Pulmon Dis. 

2018;13:3511-3. 

584. Chhabra SK. Clinical application of spirometry in asthma: Why, when and how often? 

Lung India. 2015;32:635-7. 

585. Weckmann M, Thiele D, Liboschik L, Bahmer T, Pech M, Dittrich AM, et al. Cytokine 

levels in children and adults with wheezing and asthma show specific patterns of 

variability over time. Clin Exp Immunol. 2021;204:152-64. 

586. Bafadhel M, Saha S, Siva R, McCormick M, Monteiro W, Rugman P, et al. Sputum IL-

5 concentration is associated with a sputum eosinophilia and attenuated by 

corticosteroid therapy in COPD. Respiration. 2009;78:256-62. 

587. Moore WC, Bleecker ER, Curran-Everett D, Erzurum SC, Ameredes BT, Bacharier L, 

et al. Characterization of the severe asthma phenotype by the National Heart, Lung, and 

Blood Institute's Severe Asthma Research Program. J Allergy Clin Immunol. 

2007;119:405-13. 

588. Shaw DE, Sousa AR, Fowler SJ, Fleming LJ, Roberts G, Corfield J, et al. Clinical and 

inflammatory characteristics of the European U-BIOPRED adult severe asthma cohort. 

Eur Respir J. 2015;46:1308-21. 

589. Jolliffe IT, Cadima J. Principal component analysis: a review and recent developments. 

Philos Trans A Math Phys Eng Sci. 2016;374:1-16. 

590. Fernandes ES, Fernandes MA, Keeble JE. The functions of TRPA1 and TRPV1: 

moving away from sensory nerves. Br J Pharmacol. 2012;166:510-21. 

591. Forsberg K, Karlsson JA, Theodorsson E, Lundberg JM, Persson CG. Cough and 

bronchoconstriction mediated by capsaicin-sensitive sensory neurons in the guinea-pig. 

Pulm Pharmacol. 1988;1:33-9. 

592. Tanaka M, Maruyama K. Mechanisms of capsaicin- and citric-acid-induced cough 

reflexes in guinea pigs. J Pharmacol Sci. 2005;99:77-82. 

593. Belvisi MG, Birrell MA. The emerging role of transient receptor potential channels in 

chronic lung disease. Eur Respir J. 2017;50. 

594. Koivisto AP, Belvisi MG, Gaudet R, Szallasi A. Advances in TRP channel drug 

discovery: from target validation to clinical studies. Nat Rev Drug Discov. 2022;21:41-

59. 

595. Horvath I, Argay K, Herjavecz I, Kollai M. Relation between bronchial and cardiac 

vagal tone in healthy humans. Chest. 1995;108:701-5. 

596. Bird MF, Hebbes CP, Scott SWM, Willets J, Thompson JP, Lambert DG. A novel 

bioassay to detect Nociceptin/Orphanin FQ release from single human 

polymorphonuclear cells. PLoS One. 2022;17:68-86.



 

 

208 

 

Appendix 1   Study population 

The study population and data collection methodology are described briefly in each of the 

papers (chapters 3,4,5, and 6). This appendix provides additional background information 

related to the study population; in particular, recruitment sources, participant selection, data 

collection methods, and inclusion of participant data in specific chapters. 

1.1. Recruitment 

Recruitment for the non-inflammatory mechanisms in asthma study (HRC 14/474), upon 

which the research in this thesis was based, was conducted between 2015 and 2018. It was 

designed as a cross-sectional assessment of non-inflammatory mechanisms in 120 asthmatic 

and 60 non-asthmatic adolescents. These were recruited primarily from The New Zealand 

Asthma and Allergy Cohort Study (NZA2CS). This was then supplemented with separate 

community-based recruitment from the Wellington region. 

1.1.1. The New Zealand Asthma and Allergy Cohort Study (NZA2CS) 

The NZA2CS was initiated as a prospective birth cohort study involving 1000 infants and 

taking place from 1997 to 2001 in Wellington and Christchurch, New Zealand. Pregnant 

mothers were recruited through participating midwives. All mothers gave written informed 

consent (prior to delivery) for their children to participate in this study, and to subsequently 

monitor their health and development. This involved regular assessments in the form of 

interviews, questionnaires, and a variety of specific tests. The initial consent covered 

assessments for the first five years, with subsequent consent for the six and eight-year 

assessments being obtained prior to assessments. 

Demographic information (including age, gender, ethnicity, and contact details) was available 

for 908 NZA2CS participants. Of these 353 were based in Wellington, 367 in Christchurch, 
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109 in the lower North Island (outside Wellington), and 79 in the South Island (outside 

Christchurch). Invitations to participate in the non-inflammatory mechanisms in asthma study 

were sent by post to the 908 participants, along with a questionnaire. The invitation was 

mailed up to 3 times and non-respondents were contacted by phone (when a phone number 

was available). Of the 908 postal invitations, completed questionnaires were received from 

386 (42%) participants, of which 174 (45%) were from Wellington, 151 (39%) from 

Christchurch and 61 (15%) from outside Wellington and Christchurch (Appendix Figure 1.1). 

A further 99 (11%) participants declined to take part. The remaining 46% failed to return the 

questionnaire despite multiple reminders and mailouts. 

1.1.2. Community recruitment  

Early in the recruitment process, it became apparent that recruitment solely through the 

NZA2CS cohort would not provide enough participants for the non-inflammatory 

mechanisms in asthma study. Therefore, to supplement numbers, additional participants were 

recruited through community-based recruitment in the Wellington region. This involved the 

use of study posters and information sheets in general practices and paediatric respiratory 

clinics, and face-to-face recruitment at sports and community events/venues or in commercial 

settings (e.g. supermarkets). Through this approach, a further 76 participants were recruited 

(Appendix Figure 1.1). Due to the nature of community-based recruitment, exact figures of 

individuals approached or targeted for recruitment were not available. 
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Appendix Figure 7.1. Study recruitment sources. W: Wellington, C: Christchurch 

1.2. Participant selection for clinical assessments 

From the combination of both recruitment sources, a total of 462 participants were available. 

Participants were screened on the basis of their questionnaire responses to determine their 

asthma status. They were then contacted and invited at random until a subset of 130 

asthmatics and 79 non-asthmatic, non-smoking adolescents agreed to attend at least one 

clinical assessment, at either the Wellington School of Medicine or Christchurch Hospital. As 

such, clinical assessments were ultimately conducted with more participants than described in 

the original non-inflammatory mechanisms in asthma study plan. 

The initial clinical assessment involved a battery of tests, including lung function testing 

(spirometry), combined hypertonic saline airway hyperreactivity (AHR) testing and sputum 

induction, skin-prick testing, exhaled NO measurement, and heart rate variability 

measurement. Asthmatic participants also underwent a bronchodilator response assessment 

and completed an asthma control questionnaire (ACQ7) during this assessment. These tests 
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were repeated in all asthmatics who agreed to undergo a second assessment (n=98). In a 

subset of participants, a blood sample (n=111 asthmatics, n=70 non-asthmatics) was 

collected. Capsaicin challenge testing (to assess airway sensory nerve reactivity) was also 

conducted in one further clinical assessment for 40 asthmatics and 20 non-asthmatics.  

Participant inclusion in the analyses for each of the papers (Chapters 3,4,5, and 6) was based 

on data availability for the relevant tests. Appendix Figure 1.2 provides a schematic of the 

availability and overlap of data for participants included in each chapter. 

 

Appendix Figure 1.2 Data availability for participants included in each chapter
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Appendix 2   Correlations between mediators 

Appendix Table 2.1: Correlation between mediators normalised to the number of leukocytes/ml sputum in participants with asthma 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 Correlation coefficient (r) 

1. IL-1β  1                    
2. IL-6  0.58* 1                   

3. IL-8  0.80* 0.48* 1                  

4. IL-13  0.77* 0.51* 0.68* 1                 

5. ECP 0.24 0.25* 0.29* 0.15 1                

6. Histamine 0.51* 0.36* 0.63* 0.55* 0.48* 1.00               

7. NE 0.48* 0.25* 0.53* 0.50* 0.17 0.50* 1              

8.Acetylcholine  0.66* 0.44* 0.70* 0.78* 0.25 0.66* 0.57* 1             

9. NKA  0.19 0.22* 0.19 0.13 0.08 0.37* 0.17 0.31* 1            

10. CGRP  0.58* 0.36* 0.57* 0.71* 0.003 0.44* 0.50* 0.62* -0.03 1           

11.Nociceptin 0.24* 0.41* 0.32* 0.31* 0.47* 0.40* 0.14 0.47* 0.51* 0.01 1          

12. NGF-β 0.55* 0.57* 0.38* 0.58* 0.16 0.30* 0.33* 0.51* 0.12 0.53* 0.34* 1         

13. Substance P 0.50* 0.26* 0.56 0.81* 0.35* 0.57* 0.54* 0.87* 0.04 0.58* 0.50* 0.37* 1        

14. MMP-1 0.54* 0.56* 0.49* 0.40* 0.28* 0.24 0.36* 0.45* 0.23* 0.28* 0.29* 0.32* 0.52* 1       

15. MMP-9 0.72* 0.32* 0.69* 0.60* 0.12* 0.38* 0.57* 0.53* 0.12 0.63* 0.07 0.31* 0.53* 0.33* 1      

16. TIMP-1  0.56* 0.40* 0.55* 0.44* 0.22 0.25 0.44* 0.43* -0.009 0.44* 0.18 0.46* 0.59* 0.57* 0.59* 1     

17. VEGF-A    0.52* 0.40* 0.55* 0.43* 0.14 0.33* 0.28* 0.70* 0.13 0.40* 0.25 0.30* 0.59* 0.69* 0.61* 0.63* 1    

18. Elastin 0.44* 0.46* 0.51* 0.37* 0.43* 0.55* 0.50* 0.57* 0.34* 0.39* 0.36* 0.38* 0.58* 0.50* 0.39* 0.32* 0.41* 1   

19. Periostin 0.06 0.09 0.14 0.06 0.51* 0.40* 0.08 0.12 0.25 0.06 0.31* 0.11 0.17 0.35* 0.07 -0.01 0.21 0.36* 1  

20. TGF-β 0.55* 0.47 0.58* 0.60* 0.30 0.53* 0.53* 0.67* 0.21 0.32* 0.57* 0.46* 0.33* 0.05 0.43* 0.41* 0.42* 0.30* 0.06 1 

Data are presented as Spearman’s correlation coefficient. * P<0.05
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Appendix 3   Variables used in bronchodilator response (BDR) assessment  

 

Appendix Figure 3.1 Bronchodilator response assessment variables. (1) comparing baseline 

FEV1 (prior to the combined hypertonic saline challenge and sputum induction test) with 

post-bronchodilator FEV1; and (2) comparing post-challenge FEV1 (the last FEV1 obtained 

prior to treatment with salbutamol or IB) with post-bronchodilator FEV1. 

 

 


