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Abstract 
Induced sputum examination (IS), an established research tool to measure airway inflammation (AI), 

is normally confined to specialised institutions and selected populations with airway disease, 

especially asthma. This thesis examines the role of IS in the diagnosis of asthma in a community.  

 

The first study explores the accepted definitions of asthma, the utility of IS, and another marker of AI, 

exhaled nitric oxide (eNO), in establishing the diagnosis of asthma. The findings confirm that 

symptoms, variable airflow obstruction and airway hyper-responsiveness (AHR) are inter-linked in the 

definition of asthma. Bronchodilator reversibility (BDR), used traditionally, remains the most specific 

test to aid a diagnosis of asthma in the community. The results favour a tailored approach in the 

diagnosis of asthma using BDR initially, then selecting a test, either eNO or IS depending on the 

clinical scenario. The usefulness of AHR with hypertonic saline to diagnose asthma is equivocal given 

the moderate sensitivity and poor specificity of the test documented within. If a global assessment of 

AI is required, an eNO measurement is recommended initially, given its ease of use. Sputum 

examination is useful in delineating the subtype of AI present.   

 

Dyspnoea is a cardinal symptom in asthma. Studies have shown a correlation between AI measured 

by IS and an altered perception of dyspnoea (POD) in selected subjects with asthma. The aim of the 

second and third studies was to determine if a similar relationship exists in subjects with and without 

AHR from a community sample.  In both groups, increasing POD was related to worsening lung 

function and increased BMI. Increased POD was also associated with poorer psychosocial and 

economic outcomes in subjects with AHR. In the context of previous research, these results illustrate 
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that heightened POD itself, rather than asthma, is associated with these outcomes. Sputum 

eosinophilia was not associated with an altered POD in subjects with and without asthma.  

 

There has been mounting research establishing the role of zinc as an immunomodulator in asthma. 

Mouse models have demonstrated that zinc deficiency is associated with airway eosinophilia. Two 

pools of zinc exist in the body: largely fixed, enzyme-bound zinc, and free or labile zinc, the 

biologically active component. With zinc deficiency, it is the latter pool that is preferentially depleted. 

Our laboratory has developed a novel method, Zinquin fluorometry, allowing measurement of labile 

zinc in body fluids. The final two studies demonstrate that IS lends itself to labile zinc measurements. 

Zinquin fluorometry was optimised to measure free pools of zinc in sputum. It was then used to 

quantify labile sputum zinc concentrations in subjects with and without asthma. Lower zinc 

concentrations were found in the sputum of subjects with asthma and a significant association noted 

between lower zinc concentrations and worsening asthma severity.  

 

From a community perspective, these findings suggest that while IS has a limited role in diagnosing 

asthma, it lends itself to measurement of airway zinc. This work has been conducted in a cross-

sectional community cohort where relationships were explored. Ongoing research is required to 

establish causal links conclusively.  
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1.0 Defining asthma: past, present, and future  

 
Over the centuries, there have been many attempts to define asthma. The word asthma originates 

from the Greek “ azo” or “aazein” meaning “ gasping”(1). It was recognised as far back as Greek and 

Roman times as a disorder of respiration associated with dyspnoea, cough, and wheeze and treated 

by balancing the four humors: yellow and black bile, blood and phlegm(1). A more detailed description 

of asthma noting the episodic nature of symptoms was outlined by Floyer in 1698(2). By the 1900’s 

the role of environmental allergens in the aetiology of asthma was established(2).The 20th century 

saw asthma defined primarily by its clinical presentation, as a disorder of variable airflow limitation 

triggered by a variety of stimuli with resultant symptoms(3-6). More recently, experts in the field of 

asthma have suggested that this remains the identifying feature of asthma(7). Variable airway 

obstruction is commonly measured in 2 ways: either by peak expiratory flow monitoring (PEF) over 

several (usually 2 to 4) weeks or by bronchodilator reversibility(BDR) which is the improvement in 

forced expiratory volume in one second (FEV1) within 10 to 30 minutes after inhalation of a rapidly 

acting bronchodilator(8).  

 

Over the last 20 years asthma has more frequently become defined by its inflammatory component 

and indeed is now considered to be first and foremost an inflammatory disorder. In 1997 the National 

Heart, Lung, and Blood Institute (NHLBI) described asthma as a heterogeneous disorder of the 

airways characterised by “chronic airway inflammation in which many cells and cellular elements play 

a role, in particular mast cells, eosinophils, T lymphocytes, macrophages, neutrophils, and epithelial 

cells”, clinically resulting in “recurrent episodes of wheezing, breathlessness, chest tightness, and 

coughing, particularly at night or in the early morning” and “usually associated with widespread but 

variable airflow obstruction that is often reversible either spontaneously or with treatment”(9)  
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Epidemiologically, or for population based studies, asthma has been defined in several ways; by the 

presence of episodic symptoms, especially wheeze, over a pre-determined time period such as 3 to 

12 months(10, 11). Secondly, by a self reported doctor diagnosis of asthma, and thirdly by the 

combination of current symptoms and a self reported doctor diagnosis of asthma(10, 11). 

Epidemiological literature suggests that an additional, objective measure of variable airway 

obstruction, either the presence of bronchodilator reversibility or airway hyper-responsiveness, 

increases the specificity for a diagnosis for asthma in the community(11, 12). Toelle and colleagues 

have suggested that for population based studies current asthma should be defined as appropriate 

symptoms in the last 12 months plus increased airway hyper-responsiveness(13). Other literature has 

contested this approach, finding airway hyper-responsiveness neither sensitive nor specific for a 

diagnosis of current asthma in epidemiological studies(14, 15). It has, therefore been suggested that 

given asthma is a clinical diagnosis, a physician adjudication of what is and what is not asthma 

provides a reasonable “gold standard” for these studies(16). Pekkanen and Pearce(17) critically 

examined the issues regarding defining asthma for epidemiological studies. They found that a single 

definition of asthma is not applicable to all studies. Secondly, in cohort and case controlled studies, 

severe symptoms, a previous diagnosis of asthma and symptomatic airway hyper-responsiveness 

were most discriminatory in detecting subjects with a current clinical diagnosis of asthma(17). Table 

1.1 highlights the existing definitions of asthma used in the literature and their strengths and 

weaknesses. Definitions for specific subtypes of asthma such as cough variant asthma and exercise 

induced asthma have not been included in the table. 

 

None of the definitions for asthma described above encompass the syndrome of asthma totally, 

highlighting the lack of a unifying  definition for this disorder (18). This has led to ongoing debate 

regarding the characterisation, assessment of severity, and management of individuals with ‘asthma’.  
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1.1 The burden of asthma  

 
Over 2 million Australians suffer from asthma which is a frequent cause of disability and some deaths, 

making its management a public health issue(8) . The prevalence of  asthma increased through the 

1990’s and has now plateaued(19). Mortality remains high both nationally and internationally(8). The 

documented prevalence of asthma both nationally and internationally is influenced by the definition 

used to describe the disorder(20). In South Australia the reported prevalence of doctor diagnosed 

asthma in adults greater than 16 years of age has increased from 7.6 % in 1990 to 12.0% in 

2003(21), peaking at 13.6% in 2004(22). It appears to have fallen subsequently to 11.4% in 2007 

(22). The direct treatment cost of adult asthma in Australia was estimated at 452 million dollars in 

1991 (23). Despite increasing pharmaceutical options for asthma treatment and increased health care 

spending, it is estimated that 26% of young adults with asthma have ongoing symptoms (24) and 16% 

of the adult SA population with asthma waken weekly or more often with symptoms (21). Thus the 

burden of asthma remains considerable. Why then is there this discrepancy between improved 

available treatment and continued asthma morbidity?  

 

One possible reason is that the assessment and treatment of asthma is currently mainly based on the 

presence or absence of symptoms. Both patients and doctors may under or over perceive symptoms, 

especially breathlessness, a cardinal symptom in both diagnosing and assessing asthma severity. 

Consequently an asthma episode maybe under or over diagnosed and therefore not managed 

optimally. Another explanation is that both patient and doctor education regarding asthma may be 

insufficient, also resulting in suboptimal management of this disorder. Lastly, airway inflammation (AI), 

considered to be fundamental to the aetiology and persistence of asthma (9), may be under 

diagnosed using the present tools available, leading to under treatment and poor asthma control. 
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1.2. Measuring Airway Inflammation 

1.2.1 The importance of measuring AI in asthma 
 

 Ongoing airway inflammation, the predominant feature in asthma, can cause structural changes or 

airway remodelling, including thickening of the sub-epithelial reticular layer and hypertrophy of smooth 

muscle (25-28) These changes in turn are likely contribute to airway hyper-responsiveness (26-29) (or 

irritability of the airway) and to progressive, persistent airflow limitation(30)  

 

Airway inflammation in asthma until recently has been measured indirectly and predominantly 

clinically, by assessing symptoms, the frequent use of reliever medications, and by measuring lung 

function using peak expiratory flows, spirometry and tests of airway hyper-responsiveness(8).  

 

Over the last decade more direct tools to measure AI have evolved. These include induced sputum 

examination (IS) which will be discussed in detail in this thesis and exhaled nitric oxide (eNO), which 

will be discussed briefly in the following pages. Both these tools have been shown to assess AI in 

asthma reliably(31, 32). Atopic asthma is characterised by a raised sputum eosinophil count which 

responds to corticosteroid treatment(31). Hospital based studies have demonstrated that the 

prevalence of eosinophilic AI in asthma ranges from 40 to 80 percent(33, 34). A raised eNO level is  

also a feature of poorly controlled asthma which responds well to corticosteroid therapy(35-37). 

Sputum examination, and to a lesser degree eNO, have also demonstrated a clear role in monitoring 

asthma control and compliance with therapy in patients with asthma seen in hospital clinics (37-39). 

Their role in evaluating asthma in the community, has not been studied in great detail. Patients with 

asthma chosen for studies from hospital based respiratory clinics have usually been observed on 

several occasions and thoroughly investigated with objective tests. The results from studies which 
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include such patients may not be generalisable to the community where the definition of asthma is 

mainly symptom based and self reported. One of the aims of this thesis, therefore, is to ascertain the 

role of IS and eNO in diagnosing asthma in the community.  

 

1.2.2  AI and the perception of dyspnoea (or breathlessness) 

 
Breathlessness or dyspnoea, is a cardinal symptom of asthma. Breathlessness may result from 

worsening asthma or the distress and anxiety associated with it. Interestingly studies have 

demonstrated that patients with asthma may have a reduced or heightened awareness of their 

breathlessness. The reasons for this are multifactorial and include the blunted perception of dyspnoea 

with hypoxia(40), behavioural elements(41) and possibly an association with AI(42, 43). Early studies 

have demonstrated that both in severe asthma where breathlessness is often under-perceived(43), 

and mild asthma where this symptom may be over perceived(42), there is an increased eosinophil 

count in bronchial fluid and in sputum. There have been a paucity of studies, to our knowledge, 

examining the relationship between eNO and perception of dyspnoea in asthma(44). This thesis aims 

to explore the link between AI and the perception of breathlessness in asthma further. 
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1.3. Zinc and asthma 
 

 The therapeutic role of zinc in asthma has been documented as far back as the eighteenth century 

when William Cullen described the benefits of flowers of zinc in 50 detailed case histories(45). Over 

the last decade there has been substantive research confirming the role of zinc as an anti-

inflammatory agent, maintaining the functional integrity of several organs and epithelial surfaces, 

promoting growth, development and tissue repair.  Zinc deficiency has been associated with skin 

disorders, diarrohea, loss of appetite and taste, delayed sexual maturation, generalised inflammation 

and immunodeficiency(46). More recently research has also demonstrated that a zinc deficient state 

may exist in animals and humans with ongoing airway inflammation and asthma(46) and this aspect is 

further explored in this thesis.  

 

Questionnaire based studies have reported  significantly lower intake of zinc in those with asthma 

compared with controls(47, 48). Total zinc concentrations in blood and hair have also been measured 

in subjects with asthma and without asthma in several studies, with most  demonstrating low zinc 

levels in asthma (46, 49). While plasma zinc concentrations have been measured in  zinc deficiency, 

serum or plasma measurements may not accurately reflect zinc concentrations in the airway for the 

following reasons: firstly, plasma zinc, which is extracellular, may not reflect intracellular zinc 

levels(50); secondly, plasma zinc has traditionally been measured by atomic absorption 

spectrometry(AAS) which measures both fixed stores of zinc which are tightly bound to plasma 

proteins and labile or loosely bound stores of zinc which move freely between body 

compartments(51). Measuring zinc concentrations in sputum may provide a more direct assessment 

of airway zinc levels compared with blood or hair media. Additionally, as it is the labile or loose zinc 

which is reduced in zinc deficiency, measuring this directly by alternative methods such as Zinquin 
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fluorometry, a novel method of assessing labile zinc concentrations in body fluids, may be more 

appropriate.  

 

Zinquin fluorometry is a technique developed in our laboratory by Dr Peter Zalewski amongst 

others(52). The technique has been developed and validated for measurement of zinc concentrations 

in blood. Through the work in this thesis, the methodology has been refined and for the first time, 

used to measure labile zinc concentrations in sputum in individuals with asthma and healthy controls. 

  



19 

 

1.4. Hypotheses 
 

1. The prevalence of AI measured by sputum eosinophilia (defined as a raised sputum eosinophil in 

asthma in the community is similar to hospital based studies. Two cut off points, 1% and 2% are used 

to define sputum eosinophilia, and are further detailed in Chapter 2. 

 

2. Sputum eosinophilia and eNO will discriminate subjects with asthma from those without asthma in 

a community cohort. 

  

3. A zinc deficient state (total and labile) exists in airway secretions in adults with asthma compared 

with those without asthma. This will be manifested by lower sputum total and labile zinc 

concentrations in subjects with asthma compared with those without asthma. 

 

4. Increasing AI, measured by sputum eosinophilia, in asthma is associated with lower zinc 

concentrations in sputum and in blood (plasma). 

 

5. Increasing asthma severity measured by a combination of symptoms, medications and spirometry 

is correlated with lower zinc concentrations in sputum and in blood (plasma).  
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1.5. Aims 
 

The aims of the studies undertaken in this thesis were: 

1. To assess the prevalence of eosinophilic AI present using sputum examination in a community 

sample population with and without asthma. 

 

2. To assess the clinical utility of IS and eNO in the diagnosis of asthma compared with spirometry 

with BDR, and AHR with hypertonic saline. 

 

3. To correlate the eosinophilic AI demonstrated using sputum examination with: 

(a) asthma severity as measured by symptoms, medications  and lung function.  

       (b) perception of breathlessness in  a community sample population. 

 

4. To optimise the methodology to enable labile zinc to be measured in sputum supernatant (or 

extracellular component) with Zinquin fluorometry. 

 

5. To measure total and labile zinc levels in sputum supernatant and in plasma in a community 

sample population and to correlate these levels with asthma severity. 
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1.6. Thesis contents: the subsequent chapters. 
 

  
The following chapters examine the literature in the area of sputum examination and the role of zinc 

in asthma, and further explore the hypotheses and aims outlined above with original research.  

 

Chapter 2: reviews the literature related to the topics in this thesis. 

 

Chapter 3: outlines the materials and methods used in the research undertaken. 

 

Chapter 4: describes the prevalence of, and the cellular profile of AI present (using IS) in a 

community sample population with and without asthma. It also assesses the sensitivity, specificity, 

positive and negative predictive value of  bronchodilator reversibility, hypertonic saline challenge test 

of AHR, presence of sputum eosinophilia measured by induced sputum examination, and eNO in 

diagnosing asthma in the community defined in 4 ways;  

1. self reported doctor diagnosis (SRDD) 

2. presence or absence of wheeze 

3. episodic symptoms and bronchodilator reversibility ( ESBDR) 

4. episodic symptoms and airway hyper- responsiveness (ESAHR) 
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Chapter 5: examines the perception of breathlessness (POD) in the same community sample of 

subjects with asthma  and correlates these findings with clinical, psychological, socio-economic 

variables and the presence of AI as measured by IS and eNO. Subjects with asthma are defined for 

this chapter, as those individuals with episodic respiratory symptoms and airway hyper- 

responsiveness (ESAHR) based on a hypertonic saline challenge test. This definition allowed the 

degree of dyspnoea to be quantified against a measurable degree of airway bronchoconstriction, (or 

narrowing). Secondly, it standardised the methodology used to measure POD with previous 

studies(53), allowing comparison of results across studies to be made.  

 

Chapter 6: examines POD in community based subjects without asthma (healthy controls) and 

correlates these findings with clinical, psychological, socio-economic variables, and AI assessed by 

sputum cell counts and eNO. Subjects are defined for this chapter, as those individuals without 

current respiratory symptoms and without airway hyper- responsiveness based on a hypertonic saline 

challenge test.  

 

Chapter 7: describes the process of optimising the methodology for measuring labile zinc in sputum 

supernatant with Zinquin fluorometry. 

 

Chapter 8: reports on the zinc concentrations in the sputum and plasma from a community sample 

population of subjects with asthma and healthy controls, and correlates these results with asthma 

severity.  
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Asthma is defined for this chapter by: 

1. self reported doctor diagnosis of asthma  or 

2. episodic symptoms and BDR(ESBDR) or 

3. episodic symptoms and airway hyper- responsiveness (ESAHR) 

 

The reason for this is that the aim of this chapter is to determine if zinc levels are altered in asthma in 

real life. Asthma in real life is defined in all the ways described above depending on context and 

situation.  

 

Chapter 9: concludes with a summary of the findings from the above original research and makes 

suggestions for future research based on the results of this thesis.  
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          Table1.1. Commonly used definitions of asthma    

Definition * Strength Weakness Use 

Self reported doctor diagnosis  

 

 

Immediacy of   diagnosis. Physician 
diagnosis of asthma considered by some 
authors to be the nearest to a gold 
standard (16, 54). 

Possibly unreliable due to : 

(a) Wide variation in the information and tools available to GP in making the diagnosis. 
(b)Wide variation in the criteria used by GP’s to make the diagnosis.(c ) relies on patient 
recall which may be subject to errors. 

In clinical practice, 
epidemiological studies 

Episodic symptoms alone, 
predominantly wheeze  

Immediacy of diagnosis. Non specific for asthma.  Wheeze may be due to other causes e.g. heart failure, smoking 
related COPD, bronchiectasis. Wheeze is a more specific symptom is children where other 
causes are less likely. Relies on patient recall which may be subject to errors. 

In clinical practice, 
epidemiological studies 
involving children. 

Symptoms and objective test of 
variable airflow obstruction measured 
either by peak expiratory flow (PEF) 
or bronchodilator reversibility (BDR) 
on spirometry 

PEF: simple to use; provides serial 
measurements over time easily. 
Spirometry:  single measurement. 

PEF: poor reproducibility with measurements which are highly effort/technique dependent. 
Single measurement inadequate to make diagnosis, requires serial measurements over 2 
to 4 weeks. May have issues with non compliance with repeated PEF recordings. 
Spirometry may not be available in GP practice; may require hospital laboratory /clinic visit 
to provide reliable data. BDR may be seen with asthma and COPD.  

In clinical practice, 
epidemiological studies 
and clinical studies. 
Definition used in most 
international guidelines   

Symptoms and objective test of  

airway hyper-responsiveness (AHR) 

 

 

 

*references: 12, 13, 16, 17, 18, , 53 

Addition of AHR increases sensitivity 
/specificity for the diagnosis of asthma 
depending on substance used for 
challenge(13).Reliable , reproducible with 
two fold concentrations. 

AHR needs to be measured in lung function laboratory(or mobile laboratory), therefore, not 
necessarily easily accessible and prevents an immediate diagnosis. AHR may be less 
sensitive than symptom questionnaires for a physician diagnosis of asthma  in 
epidemiological studies(17, 54). 

In clinical practice 
epidemiological studies 
and clinical studies. Useful 
in patients with equivocal 
symptoms or  atypical 
presentation e.g. cough 
variant or exercise 
induced asthma 
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CHAPTER 2  

Literature Review 
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2.0 Introduction 
 

 
There are 2 approaches for measuring AI: indirect and direct methods. The indirect method uses 

surrogate measurements such as symptoms, variation in  spirometry or peak expiratory flow (PEF) 

recordings, tests of airway responsiveness (histamine, methacholine or hypertonic saline challenge) 

and peripheral blood inflammatory markers (55) which include the eosinophil count and its by product 

eosinophilic cationic protein (ECP). The direct method employs more invasive techniques such as 

bronchoscopy with bronchial washings, biopsy or bronchoalveolar lavage (BAL)(56). Both methods 

have limitations. Indirect measures relate variably with each other and do not necessarily correlate 

with direct measurements of airway inflammation(55-57). While bronchial biopsy is considered to be 

the “gold standard” for the assessment of AI (58), it is limited by discomfort, risks to the patient, and 

expense. It is not a tool that can be used easily or regularly in patients.  Hence, a relatively non-

invasive method to directly examine inflammation is required. Over the last decade 2 techniques have 

been developed, refined, and validated to directly measure airway inflammation. The first is the 

measurement of exhaled nitric oxide (eNO) in the breath, and the second is the examination of 

induced sputum.  

 

These indirect and direct methods of measuring airway inflammation are discussed in more detail in 

this chapter, along with the current evidence supporting the use of induced sputum examination as a 

clinical tool. 
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2.1 Measuring AI in asthma: Indirect Markers  

2.1.1 Symptoms, peak expiratory flow (PEF) and spirometry  
 

Symptoms, PEF monitoring and spirometry have traditionally been used as tools to gauge AI in 

asthma based on the postulate that worsening symptoms and lung function reflect the intensity of AI. 

It has been shown that self monitoring of symptoms or PEF with an action plan significantly reduces 

emergency department and unscheduled doctor visits, hospitalisations, and time lost from work due to 

asthma(59-61).There are several national and international guidelines and validated questionnaires 

that incorporate a symptom and PEF or spirometry based approach to optimising asthma control(8, 9, 

62, 63) Studies have confirmed that adhering to these guidelines do indeed, improve asthma control 

over and above individual best practice (62). There are, however, limitations with this approach. 

Firstly, symptoms are a subjective, and patient based means of assessing asthma. Rubinfeld and 

Pain in an early study of perception of breathlessness in asthma demonstrated that up to 15% of 

subjects with asthma could not perceive marked airways obstruction with an FEV1 of 50% or less of 

predicted(64). This discrepancy between the perception of symptoms and airway bronchoconstriction 

has been confirmed by other studies(65, 66). Secondly, asthma is associated with variable airflow 

limitation(7). Thus, the result of spirometric testing performed at one time point may not accurately 

reflect average asthma control over a period of time. For example, a chart review of 67 subjects with 

asthma demonstrated a poor correlation between asthma symptoms and FEV1 (67), again 

substantiated by other studies(68). Lastly, symptoms, PEF and spirometry have a variable 

relationship with more direct markers of airway inflammation such as the eosinophil count in bronchial 

fluid and biopsies, sputum and exhaled nitric oxide measurements, suggesting that while regular 

monitoring of symptoms and simple measures of lung function may improve asthma control, they do 

not totally  reflect airway inflammation(69-73).   
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2.1.2 Tests of Airway Hyper- responsiveness (AHR)  

 
Airway hyper- responsiveness is defined as an “abnormal increase in airflow limitation following 

exposure to a nonallergic stimulus”(74) A test of AHR is considered to reflect the degree of smooth 

muscle irritability and inflammation involved in the airway. There are 2 types of airway challenges. 

Firstly direct challenges which use chemicals such as histamine and methacholine to cause bronchial 

smooth muscle contraction directly(75). Secondly, indirect challenges such as exercise, hypertonic 

saline and certain drugs (mannitol and adenosine monophosphate) which mimic the airway response 

by releasing endogenous mediators which then cause smooth muscle contraction (74). Most studies 

to date on asthma have used either methacholine or histamine challenge tests to characterise 

patients’ asthma and to determine a dose response with corticosteroids, the mainstay treatment for 

persistent asthma.  Methacholine and histamine are approximately equivalent on a microgram or 

micromolar basis (76, 77). The measurement of AHR is determined by an arbitrary, consensus 

defined cut-off point set at the higher end of the borderline range. Airway hyper- responsiveness is 

considered to be present when the provocation concentration of histamine or methacholine to induce 

a 20% fall in FEV1(PC20) is less than 8 -16 mg/mL(75) or the provocation dose to induce a 20% fall in 

FEV1 is less than 3.9 -7.8 umol (78). These cut-off points result in a histamine or methacholine test 

that is highly sensitive with a high negative predictive value, but with low specificity and positive 

predictive value for current asthma symptoms(75-77).  Airway hyper- responsiveness is also seen in 

subjects without asthma and in those with bronchitis or emphysema (79),(80). When these tests are 

conducted in epidemiological settings in a community sample, as opposed to patients recruited from 

hospital clinics, their sensitivity and specificity is even lower (81).  

 

Indirect challenges have been considered to be more specific but less sensitive for disease activity in 

asthma than direct stimuli (74), (82-84). Hypertonic saline and other indirect challenges are 
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increasingly used in children as they are natural stimuli, not pharmacological agents (82). Hypertonic 

saline challenge has been shown to be an effective and robust surrogate marker for exercise induced 

asthma (82),(85, 86) and in identifying those who may be at risk of developing underlying airway 

narrowing while scuba diving(82).  

 

More recently there has been a body of literature suggesting that indirect challenges are as, or more, 

sensitive than direct challenges, although the sensitivity of both appears to be low in the community. 

In an epidemiological study, a histamine challenge in 2,363 Australian school children aged between 

8-11 years resulted in sensitivity of 53% and specificity of 90% to detect subjects with a diagnosis of 

asthma  based on a self-administered questionnaire to parents(87). Similar sensitivities and 

specificities were found using indirect challenges, in a community based, cross-sectional study 

involving 393 schoolchildren aged 13- 15 years(88). The school children underwent a hypertonic 

saline challenge and a free running exercise challenge, and the sensitivity and specificity of these 

tests to identify current wheeze were 47% and 92% and 46 and 88% respectively(88). Mannitol is 

another osmotic indirect challenge test that has been developed and refined in recent years (82, 89). 

It is easier to use compared with hypertonic saline but is currently a research based tool. It is 

undergoing further studies to gain approval for clinical use (90). 

 

The correlation between AHR and markers of airway inflammation remains variable.  Some studies  

have demonstrated that AHR is independent of  eNO and  the number of inflammatory cells in the 

airway lumen or mucosa while others have shown that a relationship exists(91-94). Indirect 

challenges are considered to reflect the underlying AI in asthma more closely than direct 

challenges(95).  



30 

 

Despite this debate, there is evidence that normalising tests of airway hyper-responsiveness can 

improve asthma control over and above controlling symptoms and spirometry alone. In a prospective, 

randomised, management study over 2 years, 75 subjects with asthma  were enrolled  to one of 2 

strategies; Group1: reference strategy where subjects were managed on clinical guidelines 

(symptoms and spirometry) alone, and  Group2: AHR strategy where subjects were managed by 

optimising treatment based on  methacholine airway hyper-responsiveness in addition to clinical 

guidelines(29). Bronchial biopsies were performed at entry into the study and at 2 years. Adjusting 

patients’ corticosteroid dose three monthly, using a test of airway hyper-responsiveness resulted in 

significantly fewer exacerbations, improved the forced expiratory volume in one second (FEV1), and 

reduced airway remodelling by decreasing the sub epithelial reticular layer than clinical outcomes 

alone. The changes in AHR correlated significantly with eosinophil counts in the biopsies: r= - 0.48, 

p=0.003. Thus, the greater the decrease in number of eosinophils, the greater the improvement in 

AHR (29).   

 

The studies comparing direct and indirect challenges to monitor asthma during anti-inflammatory 

(predominantly inhaled corticosteroid) treatment, demonstrate that indirect challenges such as 

hypertonic saline are more responsive than direct challenges such as histamine to therapy(96, 97). 

An indirect challenge responds to treatment within hours to days while a direct challenge takes longer; 

months. This may reflect the fact that the challenges are likely measuring different aspects of the 

bronchial response: indirect challenges mirroring the inflammatory response and direct challenges the 

smooth muscle irritability(96). 
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Gronke and colleagues have suggested that the relationship between AHR and markers of airway 

inflammation may depend on the duration of asthma(98). The authors examined 66 subjects with 

steroid naive asthma and found that in those with a 16 year or less duration of asthma, AHR with 

methacholine, correlated well with sputum eosinophils and eNO. In those subjects with a greater than 

16 year duration of asthma , AHR correlated with FEV1 rather than inflammatory markers suggesting 

that remodelling of the airway had occurred(98). 

 

Hypertonic saline, the most commonly used indirect challenge test, lends itself to use both in the 

laboratory and in the community. The hypertonic saline challenge procedure using 4.5 % which is now 

standard, was described in 1989 by Smith and Anderson(99). The saline challenge procedure can be 

concurrently used to induce a sputum sample (82, 100) with a greater than 90% success rate (101). 

The  procedure is safe and well tolerated (102). Thus it is possible to obtain an assessment of airway 

responsiveness and airway inflammation simultaneously. While there are studies investigating and 

supporting the use of indirect challenges in epidemiological studies to diagnose asthma in children, 

there is little similar work in adults. One of the aims of this thesis is to explore the utility of hypertonic 

saline in assessing AI and asthma in the adult community. 

 

2.1.3 Peripheral blood markers: the eosinophil count and eosinophil 
cationic protein (ECP). 

 
 It has been established that blood eosinophil counts reflect asthma control (69, 103). In a seminal 

study Horn and colleagues examined the clinical utility of measuring total eosinophil counts in the 

diagnosis and management of steroid dependent asthma(103). Subjects with asthma were noted to 

have significantly higher eosinophil counts than healthy controls, suggesting that eosinophilia was an 
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important discriminating feature in asthma. The counts also demonstrated a significant inverse 

correlation (r=-0.74, p<0.001) with specific airway conductance, a lung function measure similar to 

FEV1 but which reflects small airway narrowing, suggesting that the total eosinophil count could 

reflect asthma control(103). More recently measurements of eosinophils in BAL fluid and sputum have 

offered alternative methods of assessing airway inflammation in asthma. The relationship between 

eosinophil counts in blood, BAL or sputum, and clinical and physiological makers in asthma remain 

variable. Ulrik and colleagues demonstrated a close correlation between blood eosinophils and 

histamine responsiveness(r=0.60, p=<0.001) and a weak but significant correlation between blood 

eosinophilia  and reduced FEV1(104). Based on these findings, the authors’ postulated that blood 

eosinophilia in asthma reflects ongoing airway inflammation, which in turn may lead to chronic airflow 

obstruction (104). Taylor and colleagues also confirmed similar results(105). Further studies, 

however, demonstrated  that the relationship between sputum eosinophilia and airway obstruction 

(FEV1) was stronger than blood eosinophilia and FEV1(69, 105).The percentage(%) of eosinophils in 

sputum was also shown to be more sensitive and specific for differentiating subjects with asthma from 

controls compared with blood eosinophils (Receiver operating curves: AUC(area under the curve) for 

% eosinophils in sputum vs blood : 0.90 vs 0.72, p=0.02 (69).  

 

 Eosinophil cationic protein (ECP) is an eosinophil by- product that is released when eosinophils are 

activated. Studies have shown that ECP concentrations are increased in the blood and sputum of 

subjects with asthma compared to subjects without asthma and is a useful marker of inflammation 

(69, 106, 107). Pizzichini and colleagues demonstrated that sputum eosinophils are a more sensitive 

and specific measure in discriminating between subjects with and without asthma compared with 

serum ECP: sputum eosinophilia sensitivity and specificity of 70% and 90% vs serum ECP sensitivity 

and specificity of 50% and 50% (69, 108). In other studies, the serum ECP concentrations did not 
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mirror sputum ECP concentrations(108, 109). Sorva and colleagues found that sputum ECP levels 

correlated well with improving clinical status following treatment with ICS in subjects with asthma 

(r=0.69, p<0.05 for symptoms; r=-0.75, p<0.05 for FEV1 i.e. falling sputum ECP was associated with 

an increase in FEV1(109).The measurement of ECP levels in blood and sputum is currently a time 

consuming test that is still research based. Recent studies have shown that ECP is also produced by 

neutrophils, making it a less specific marker of eosinophil activation than considered previously(110) . 

Measurement of the blood eosinophil count on the other hand, is an automated, well established 

clinical tool used as an adjunct in a variety of disorders.  

 

In summary, blood eosinophilia is a surrogate marker for airway inflammation but sputum eosinophilia 

provides a direct measurement that is more sensitive and specific. The role of blood and sputum ECP 

as a marker of AI is controversial and not clearly established clinically.  

 

 

2.2  Measuring AI in asthma: Direct Markers 
 

There have been two major developments in the assessment of airway inflammation in asthma over 

the past decade: exhaled nitric oxide and induced sputum examination. These techniques 

complement each other, and current worldwide research is focusing on establishing their clinical 

relevance in a variety of airway disorders. This thesis examines the role of induced sputum, and 

secondarily examines the role of eNO in the diagnosis of asthma in the community. 
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2.2.1 Exhaled nitric oxide (eNO) 

 
Exhaled nitric oxide is a molecule that is produced by airway epithelial cells and inflammatory cells in 

response to upregulation of the enzyme inducible NO synthase by pro inflammatory cytokines. It 

diffuses into airway lumen and is a confirmed marker of airway inflammation(111-115)  Exhaled nitric 

oxide levels are raised in uncontrolled asthma, possibly bronchiectasis, and with viral infections. 

Exhaled nitric oxide levels are reduced by corticosteroids and smoking(111-115) 

 

Exhaled nitric oxide is measured by rapid linear-response chemiluminescence i.e. by a chemical 

reaction that emits light(111, 112). It is a standardised measurement that is reproducible(111, 112). 

Normal values have been established, but are currently being redefined in the light of recent studies 

demonstrating higher than expected levels in normal subjects and in subjects with well controlled 

asthma (111-116) It is presently accepted that the interpretation of an eNO level between 30 to 50 

parts per billion (ppb) depends on the clinical scenario. An eNO level of greater than 50 ppb in 

association with characteristic respiratory symptoms may suggest a diagnosis of asthma or the 

presence of uncontrolled asthma(111-117). 

   

Exhaled nitric oxide measurements correlate well with sputum eosinophilia but less well with 

symptoms and spirometry (FEV1) outcomes (70, 118). Exhaled nitric oxide levels are very sensitive to, 

and normalise rapidly, with corticosteroids (35, 36, 119).It has been shown that using eNO 

measurements in addition to standard clinical guidelines to monitor asthma control, reduces 

maintenance corticosteroid dose requirements in patients with asthma but does not reduce 

exacerbation rates (37).  
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Conversely, raised eNO levels, like raised sputum eosinophils, predict an asthma exacerbation better 

than change in symptoms or lung function with a positive predictive value of 88%(36). Advantages of 

eNO as a marker of airway inflammation include its ease of measurement. Disadvantages include its 

expense and the fact that it does not subtype the cellular components of the inflammatory response. 

Furthermore, a recent study has demonstrated discordance between eNO and simultaneously 

measured sputum eosinophil counts in patients with asthma (120).Current costs for an in laboratory 

eNO analyser range from Australian 30 to 50,000 dollars, while a small hand held analyser costs 

approximately Australian 10,000 dollars( sourced from companies producing eNO analysers). 

 

The 2 cut –off points used for eNO in this thesis are 19 ppb and 30ppb respectively .These were 

based on the literature at the time of commencement of this thesis, and is supported by a recent 

publication reviewing normal values(115).    

 

2.2.2 Induced sputum examination  
 

Induced sputum examination is the other non invasive method for measuring AI directly. 

 

2.2.2.1 History of sputum examination 
 

Sputum for the purpose of this thesis is defined as secretions from the airways of the lungs, although 

some refer to it as the expectorate of sputum plus saliva. Its constituents include mucus and cells. 

The cell composition has been known for over one hundred years to be altered in asthma, showing an 

increase in eosinophils(31) Initially, sputum cells were examined on stained smears and there was a 
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brief period of their use in clinical practice in the 1950's and 1960's. However, the sputum could not 

always be expectorated and only one smear tended to be examined in which the cells were irregularly 

distributed and difficult to recognise within the mucus(31).  The results therefore were not reliable and 

this use of sputum fell into disrepute. Over the last two decades the examination of sputum has been 

enhanced by the successful expectoration of sputum by induction with an aerosol of hypertonic 

saline(31). Thus the techniques of inducing and examining sputum have been refined, evaluated and 

applied to investigate the pathogenesis, pathophysiology, and treatment of asthma and other airway 

conditions, and are standardised in a European Task Force document(121).The following 

observations have been made with respect to induced sputum examination and are relevant to the 

studies in this thesis: 

 

1. Sputum can be successfully and safely induced (101, 102, 122). An audit of 304 inductions in 

subjects with asthma has shown the procedure to be successful in 93 % of inductions(101). 

In a literature review, in subjects pre treated with salbutamol the mean fall in FEV1 after 

sputum induction in subjects with mild stable asthma was 5.7%( 95%CI: 4.1-7.2%), in those 

with moderate to severe stable asthma it was 5.6%(95%CI: not calculated), and in those with 

uncontrolled or exacerbated asthma it was7.2%(95%CI: 4.1-10.3%)(102).Furthermore, a 

modified procedure can be performed safely even in severe exacerbations of asthma and in 

those subjects with an FEV1 below 1 litre (102, 123). 

 

2. Induced sputum cell counts are the same as those obtained in spontaneous sputum(124), 

and in tracheal or proximal bronchial aspirates(125).They are similar to those in bronchial 

washings but differ quantitatively from those in bronchial biopsies and bronchoalveolar 
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lavage(126-131). These relationships are understandable since they reflect differences in 

different airway compartments; induced sputum and bronchial washings reflect secretions 

from the central airway lumen, bronchial biopsies from the more central airway bronchial 

mucosa and BAL from the peripheral airway lumen (Table 2.1). 

 

1. The methodology of induced sputum examination is well established and is robust. 

Sputum cell counts are a precise, reliable, valid and responsive measurement of airway 

inflammation, all qualities accepted as indications for the clinical and routine applicability 

of a good laboratory test (69, 128, 132-138) (Table 2.2). The time required for sputum 

induction is approximately 20 minutes, and 60 to 90 minutes is needed to process the 

sample. Laboratory space and staff experienced in performing differential cell counts 

(usually haematology or cytology personnel) are required.   

 

2. There are currently 2 established and validated methods of processing and measuring 

sputum cell differential counts(139).The selected procedure involves removing the sputum 

from the entire expectorate and thereby reducing contamination with saliva(133). The 

whole procedure uses the entire expectorate(134) . While the reproducibility and validity of 

these 2 methods is excellent, the methods cannot be used interchangeably. In this thesis 

the selected procedure has been used.  

 

3. Sputum differential counts are expressed in 2 ways with respect to the total cell count: as 

proportions or percentages (with the differential cell examined as the numerator and the 

total cell count as the denominator), and as absolute cell counts. Studies have 
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demonstrated that there is good agreement between both measures (kappa statistic and 

95% CI: 0.66 (0.50-0.82) (34).Normal values have been established for both absolute 

differential cell counts, and differential cell percentages(Tables 2.3) (137, 140). 

Percentage differential cell counts are clinically meaningful, responsive to change and 

generalisable across studies(121). Distinct inflammatory subtypes have been classified on 

the basis of differential cell percentages(34)(Table 2.4).Over the last decade expressing 

differential cell counts by percentages has also become increasingly used compared with 

absolute cell counts. It is for these reasons, that the work in this thesis expresses cell 

counts by percentage alone . 

 

4. Sputum cell counts identify different aspects of airway inflammation which have different 

causes and can result in different clinical effects(31). Four major cellular subtypes of AI, 

based on sputum examination, have been identified in subjects with asthma: eosinophilic 

AI ( raised eosinophil count) in 41% ; neutrophilic AI ( raised neutrophil count) in 21%, 

paucigranulocytic (non neutrophilic, non eosinophilic) in 31% and mixed granulocytic 

(neutrophilic and eosinophilic) in 7% (34)( Table 2.4). Exacerbations of asthma can also 

be non-eosinophilic, being caused by respiratory viral or bacterial infections. The 

inflammatory response to these agents is indicated by an increase in the proportion of 

neutrophils and by a greater increase in total cell count  compared with eosinophilic 

exacerbations of asthma(31). Other causes of sputum neutrophilia include cigarette 

smoking (especially when this is associated with chronic airflow limitation), pollutants such 

as ozone, and exposure to endotoxin(31). Differentiating the types of inflammation is 

helpful in guiding treatment(31).  
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5. Sputum eosinophilia is characteristic of atopic asthma. A sputum eosinophil count of 2.2 

% or less has been considered to be within the normal range(137, 141)(Table 2.3). Recent 

studies have demonstrated that the normal range may lie between 1 and 2 % depending 

on the population examined. Simpson and colleagues, for example, found that amongst 

their population of 42 healthy individuals, an eosinophil count of 1.01% or less was 

considered normal based on the 95% percentile (34). For this thesis cut points of 1 and 2 

% are examined.  

 

6. Sputum eosinophilia usually precedes clinical exacerbations of asthma even when the 

subject is on treatment with inhaled steroid or prednisone(36, 123, 142-145). It will 

therefore detect under treatment before this is apparent clinically. 

 

7. The degree of sputum eosinophilia correlates variably with symptoms, spirometry and 

tests of airway responsiveness(146) (Table 2.5). It is therefore not surprising that 

physicians are poor at recognising the presence or absence of sputum eosinophilia based 

on clinical presentation(147). 

 

8. Sputum eosinophilia predicts a response to treatment with corticosteroid (142, 148-151) 

while lack of eosinophilia predicts a lack of benefit to treatment with corticosteroids(152, 

153) 
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9. Various indices of inflammation can be measured in the supernatant or fluid phase of 

processed sputum. Acceptable repeatability and responsiveness of many of these has 

been shown, but investigation of their validity, and clinical utility is still limited(154-157) 

  

In conclusion, these published observations provide support for the use of sputum cell counts in 

clinical practice, specifically for the diagnosis of the type of airway inflammation associated with 

asthma (eosinophilic or neutrophilic) and for a prediction of response to corticosteroid treatment. As 

clinical judgement of the presence or type of airway inflammation is often incorrect and as sputum 

eosinophilia precedes exacerbations, sputum examination may be of great value in monitoring 

asthma treatment in selected patients, as suggested in two recent longitudinal, randomised trials 

(158, 159).These studies demonstrated that using sputum examination in addition to standard 

methods of assessing asthma control, reduced the frequency of asthma exacerbations and 

hospitalisations due to asthma in patients recruited from hospital respiratory clinics. The role of 

sputum examination in the community (primary as opposed to secondary care) to diagnose and 

monitor asthma is less clear, and the former explored in this thesis. 

 

 

2.3 The prevalence and type of airway inflammation in asthma 

in the community. 

 

The prevalence of airway inflammation in asthma, using direct rather than indirect measurements, is 

not well characterised in patients seen in the community. Louis and colleagues, estimated that 
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sputum eosinophilia occurs in up to 80% of steroid naïve patients and 50% of corticosteroid treated 

patients in a respiratory clinic setting (146, 160). Lemiere and colleagues, in a small, community 

based Canadian pilot study (n=107), found that median sputum eosinophil counts were within the 

normal range and similar in adult subjects with and without asthma(161). Only 19% (13/67) of  

subjects with respiratory symptoms had sputum eosinophilia >1%(161). In larger studies in Australian 

children, marked differences in the sputum eosinophil counts were demonstrated between children 

with and without asthma(162-164). For example in one study, the median eosinophil count 

(interquartile range) was1.0(0.3-1.8) in healthy children and 3.8(1.7-14.0) in those with persistent 

asthma, p<0.05(163).  

  

The frequency of eosinophilic versus non eosinophilic airway inflammation in asthma in the 

community is also unknown. Increasing research into this area demonstrates that the prevalence of 

non eosinophilic AI is higher than previously recognised. In selected subjects with asthma the 

prevalence of non eosinophilic versus eosinophilic airway inflammation was surprisingly high at over 

50% (34, 165). This thesis examines the prevalence and type of AI in the community using IS.  

 

 

2.4  Perception of dyspnoea (or breathlessness) in asthma 
and in healthy subjects and its relationship to airway 
inflammation.  

 
Asthma severity, in current national and international guidelines for asthma management, is primarily 

defined by symptoms (8, 9, 166, 167). There are, however, people with asthma who have poor 

perception or a heightened perception of dyspnoea(POD) and their symptoms (64, 168). The severity 
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of asthma in such cases may be either underestimated and under treated (with a poor perception of 

symptoms) or overestimated and over- treated (with a heightened awareness of symptoms). A 

Japanese study found that when symptoms and current treatment of 861 well controlled subjects with 

asthma (726 adults and 135 children aged 6 years or older) were assessed according to Japanese 

Asthma Consensus Guidelines, 49% of adults and 35% of children were over treated, while 30% of 

adults and 40% of children were under treated. In addition, 50% of adults and 35% of these subjects 

misjudged the severity of their asthma(169). Rubinfeld and Pain interestingly found no correlation 

between current severity of asthma based on symptoms and bronchial reactivity measured by a 

methacholine challenge suggesting that the relationship between these 2 variables is complex(170). 

Several mechanisms for the occurrence of an altered POD are postulated. These include behavioural 

and temporal adaptation, an altered pattern of breathing, the presence of hypoxia and airway 

inflammation (40, 66, 171-173).  

 

Burdon and colleagues studied subjects with asthma undergoing a histamine provocation test. They 

found that those with a baseline FEV1 of less than 80% experienced the same degree of 

breathlessness as those subjects with a normal resting FEV1 , but were significantly more obstructed 

at all degrees of breathlessness(65). The authors postulated that subjects with asthma and an 

abnormal baseline FEV1 downgraded their sensory experience over time, a phenomenon called 

temporal adaptation. It is not known how long temporal adaptation takes to occur and if this 

phenomenon is reversible(66). Some studies have shown that it can occur, to some degree, over 

minutes (174, 175). 
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Eckert and colleagues have elegantly demonstrated that hypoxia (low oxygen levels) suppresses 

respiratory load sensation and ventilation. Sixteen individuals with stable asthma were exposed to 

three gas conditions (34 minutes each): isocapnic hypoxia (normal carbon dioxide (CO2) levels and 

low oxygen levels with arterial blood oxygen (O2) saturation of approximately 80%), hypercapnia 

(increase in end-tidal CO2 of approximately 5-10 Torr), or isocapnic normoxia (normal CO2 and O2 

levels) on 3 separate days. The perceived magnitude of externally applied resistive loads, measured 

during each gas condition, was reduced throughout hypoxia compared with normoxia, with a trend for 

a progressive decline during hypercapnia. Within the 15-minutes post gas inhalation period, 

methacholine-induced symptoms of difficult breathing, chest tightness, and breathlessness, measured 

using modified Borg scales, were 25-30% lower (i.e. POD was blunted) after  hypoxia compared with 

normoxia. They were not reduced after hypercapnia. The altered perception of symptoms persisted 

for at least 10 minutes after returning to normoxia(176). 

 

Airway inflammation may also contribute to the altered perception of breathlessness in asthma. 

Reduced dyspnoea perception in severe asthma is associated with a decrease in lung function and 

increase in eosinophils in bronchoalveolar lavage, biopsy and sputum samples (42, 127). 

Contrastingly, in mild asthma, heightened dyspnoea perception has been shown to correlate with an 

elevated sputum eosinophil count(172)  

 

To date, to our knowledge, the prevalence of adults with asthma and an altered POD in the  

community, and the correlation of POD with objective measures of airway inflammation in a  

community sample has not been evaluated. 

  



44 

 

Even less is known regarding the POD in healthy subjects(177). Normal subjects demonstrate a wide 

variability in POD to the same ventilatory stimulus, hypoxia and hypercapnia (178-181). Normal 

subjects also appear to detect induced airflow obstruction more accurately than subjects with 

asthma(182). While an association between AI and POD has been demonstrated in subjects with 

asthma, it is unknown if a similar relationship exists in normal subjects. One can hypothesise that 

individuals without respiratory disorders should have no underlying AI. These individuals may, 

however, be exposed to agents or stimuli which precipitate AI and associated dyspnoea. This 

concept, along with other factors that may influence POD in a community sample of normal 

individuals (those without respiratory disorders) is explored further in Chapter 6.  

 

 

2.5  Zinc and asthma 

 
Zinc is an essential trace element in human beings. There is an increasing body of literature 

substantiating the role of zinc as an anti- oxidant and immunomodulatory agent.  As discussed in 

Chapter 1, zinc has a key role in maintaining the functional integrity of several organs and epithelial 

surfaces, promoting growth, development and tissue repair. Recent animal and population based 

studies have suggested that a zinc deficient state exists in asthma which may promote airway 

inflammation. Normal zinc homeostasis and the evidence supporting a zinc deficient state in asthma 

are discussed below. Techniques for measuring zinc in the airway fluid (sputum) are described 

including the use of a novel method, Zinquin fluorometry, pioneered in our laboratory amongst others.  

 

  



45 

 

2.5.1 Zinc Metabolism and Homeostasis 

 
There are no storage pools of zinc in the body and so an adequate amount of zinc needs to be taken 

in the diet. The body requires 2-3 grams of zinc to function and this translates (accounting for zinc 

losses) to a dietary intake of 5 mg/day for infants, 10 mg/day for children and 15 mg/day for adults 

and 16-19 mg/day for lactating women (49). High quantities of zinc are found in red meat, zinc fortified 

breakfast cereals (183), bread, nuts, dairy products and shellfish. Zinc homeostasis entails a balance 

between zinc absorption and zinc loss in the body (Figure 2.1). Approximately five milligrams /day of 

zinc is absorbed in the gastrointestinal tract and a large part of this is eventually excreted in the 

faeces, with minimal urinary excretion(49). Significant zinc losses can also occur by secretion of zinc 

across the epithelial surface into the airway and gut lumen or from the skin. Zinc absorption is aided 

across the gastrointestinal tract by zinc transporter proteins that reside in the epithelial 

membrane(49). Once across the epithelium, zinc is bound to albumin and transported to the liver 

transiently and then to the other tissues. Zinc concentrations are high in some tissues including parts 

of the brain (neocortex, hippocampus), retina, pancreas, prostate, sperm, and mast cells. When the 

body is under stress for example with acute infection or inflammation, burns or malignancy there is a 

redistribution of zinc from the plasma to the liver. This process is mediated by interleukins IL1 and IL6 

(49).  
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2.5.2 Intracellular zinc homeostasis 
 

Zinc within the cell exists in 2 forms: eighty to ninety percent is bound tightly to metalloenzymes, zinc 

finger transcription factors, metallothionein and other proteins(50, 184),and exists as a largely fixed 

pool with slow turnover. Binding to proteins is largely via cysteine and histidine residues(185). The 

remaining zinc exists as free or labile zinc, the exchangeable component, which moves easily within 

and outside the cell via the action of specific Zn transporters.  

 

Based on their sequence homology and structural properties, the transporters have been assigned to 

two families: SLC39 or ZIP (ZRT/IRT-related protein) and SLC30 or CDF (Cation Diffusion Facilitator), 

also known as ZnTs(186). ZIPs mediate uptake of Zn across the plasma membrane; CDFs facilitate 

efflux from cells or mobilization of the metal in intracellular organelles. By mobilising zinc in 

intracellular organelles, these transporters not only contribute to zinc storage and detoxification but 

also supply the metal to zinc-dependent proteins and interact with cell-signalling pathways (187, 188). 

Mutations in Zn transporters can cause altered Zn homeostasis in disease(189).  

 

The fixed pools of zinc are responsible for cellular metabolism and gene expression while the labile 

pools of zinc are involved in secretion, signal transduction and cytoprotection(46). Labile pools of zinc 

are present in high quantity in tissues that have a secretory role such as prostatic epithelium 

(secretion of seminal fluid), pancreatic islets (insulin and glucagon) ,mast cells (histamine) eosinophils 

and neutrophils(46).  Recent research has demonstrated that zinc also exists in similar fixed and 

labile pools in the airway epithelium and may have a role in cytoprotection, signal transduction and 

regulating secretion of anti -inflammatory mediators(46). 
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2.5.3 Zinc and the normal airway.  

 
Normal airway epithelium is a pseudo-stratified epithelium that lines the entire airway up to but not 

including the terminal bronchioles. The main cell in the airway epithelium is a ciliated columnar cell 

with a basal and an apical component(46) The apical aspect of the cell is ciliated and protrudes into 

the airway. In between the columnar cells reside a variety of mucin producing and secretory cells 

(goblet cells, Clara cells, serous cells, small mucous granule cells, brush and neuroendocrine 

cells)(46). The airway cells are responsible for maintaining airway epithelial integrity and protecting 

the epithelium from foreign bodies including bacteria via the secretion of antibacterial agents and 

mucociliary clearance(46). This is a process whereby mucin, a high molecular weight 

mucopolysaccharide, produced by airway cells is secreted into the epithelial lining fluid trapping 

foreign particles. This complex, called sputum, is then propelled up the airway by the beating cilia to 

the larger airways and then to the mouth by coughing where it is expectorated. Recent studies using 

Zinquin (see section 2.5.4) have demonstrated the presence of labile pools of zinc in the apical aspect 

of airway epithelial cells of animals and humans(49) . Based on this distribution and work on certain 

zinc transporters, Zinc T4 and ZIP1(unpublished data, personal correspondence Dr P Zalewski), zinc 

is believed to move from the basal surface of airway epithelium cells to the apical aspect. Zinc loss or 

movement across the airway epithelium, from blood to airway lumen, has not been demonstrated to 

date. 

 

2.5.4 Methods of measuring zinc in body fluids and tissue 

 
Zinc is a difficult trace element to measure in biological tissues. It is an ubiquitous metal ion that is 

present in significant concentrations in the environment compared to body fluids and cells. Zinc is 

found in the body in concentrations between 0.1 to 10 parts per million. Zinc is also present in a 
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variety of laboratory reagents including re distilled water, and is easily absorbed by glassware(190). 

Thus when zinc levels are measured, it is important that these factors are accounted for. Buffers, for 

example, can be depleted of contaminating zinc by treatment with Zn-binding resins prior to their use 

in zinc assays. 

 

Several techniques exist for measuring total (bound and unbound) zinc in body fluids. These include 

atomic absorption spectrophotometry (AAS), X-ray fluoresence, emission spectrography, and 

radioisotope studies. Of these, AAS is the gold standard and the most frequently used method. It 

measures total bound and unbound (free) or labile zinc. The other techniques mentioned above are 

more specialised , only  available in specific laboratories, and thus will not be discussed further . More 

recently Zinquin fluorometry, has been developed to measure free or labile zinc, the active component 

in tissues and body fluids.  

 
 

2.5.4.1 Methods to measure total zinc. 

 
Atomic absorption spectrophotometry (AAS) is a simple and reliable method to measure total zinc 

levels. The procedure is available in large analytical laboratories. The solution containing the 

unknown amount of zinc is sprayed into the flame of the spectrophotometer and atomised. Light of a 

suitable wavelength for zinc is then shone through the flame. This light is absorbed by the zinc atoms 

of the solution. The amount of light absorbed by these atoms is proportional to the  concentration of 

zinc in the solution, as determined from a standard curve. This technique is very sensitive and specific 

for the measurement of  total zinc(191, 192). Normal ranges have been determined for some body 

tissues and fluids including serum/plasma (Normal reference range 10.0-17.0 μmol/l (plasma) 

http://www.cdhb.govt.nz/chlabs/help/4227hlp.htm. 
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2.5.4.2 Measurement of labile zinc. 

 
There is an increasing body of literature suggesting that it is free or labile zinc that is the active or 

biologically relevant component and of primary importance in the inflammatory response.  Zinquin is a 

quinoline based compound that binds predominantly to labile zinc. It has been developed in our 

laboratory, at the University of Adelaide (Zalewski and colleagues), as a fluorophore to measure free 

or labile zinc concentrations intra and extracellularly in body fluids and in tissues. 

 

2.5.4.3 The development of Zinquin to measure free /labile zinc  

 
The compound quinolone sulfonamide, was found in early studies to demonstrate marked 

fluorescence when it bound to zinc (52). This compound was subsequently modified at our 

laboratory and others, to maximize stability, fluorescence and sensitivity and specificity for 

labile zinc; all characteristics of an ideal flurophore(52). This was achieved by the addition of a 

methyl group at position 2, an ester at position 1 and a sulphonylamido group at position 8 

(Figure 2.2). This designer compound was labeled Zinquin (ethyl-[2-methyl-8-p- 

toluenesulphonamido-6-quinolyloxy]acetate).  Zinquin  functions by binding to labile zinc and 

emitting a blue light when exposed to ultra violet (UV) radiation; the reaction is detected by the 

UV fluorescence microscope for cells and tissues or UV fluorometry for Zn in body fluids. 

Zinquin has proven to date to be relatively specific for the measurement of labile zinc in a 

variety of cells and body fluids. Specificity for Zn in cells was confirmed by showing quenching 

of Zinquin fluorescence with the membrane permeable Zn chelator TPEN(N,N,N',N'-Tetrakis(2-

pyridylmethyl)ethylenediamine ) which binds Zn more tightly. Copper and cadmium are the only 

other identified cations that interfere with the binding of zinc with Zinquin. Cadmium is an 
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insignificant ion in the body, and copper is mostly found in tight complex with Cu-containing 

enzymes and ceruloplasmin(193). 

 

Zinquin is non-toxic to cells, readily taken up (30 min at 37oC), and works on fresh, frozen or ethanol -

fixed cells, as well as frozen sections of tissues. Problems with tissue UV autofluorescence have 

restricted its use in paraffin sections. Zinquin has been used to measure labile pools of zinc in 

secretory granules of a variety of tissues including pancreatic islet cells and mast cells, ciliated airway 

epithelial cells, spermatozoa, hepatocytes, proximal tubules of the kidney, and vesicular structures of 

cells undergoing programmed cell death(49). Zinquin is capable of detecting nanomolar (nM) 

concentrations of Zn in solutions. It detects between 40% and 60% of total zinc in plasma, largely the 

labile transport pool of plasma zinc associated loosely with albumin. It does not detect more tightly 

bound zinc in plasma alpha-2-macroglobulin (which constitutes most of the remaining plasma Zn)(52).  

 

2.5.5 Zinc and airway inflammation  
 

Zinc is a major player in the inflammatory response, undertaking many roles. Zinc is an antioxidant 

present in cells and their secretions(49). It prevents cell damage induced by hyperoxia (abnormally 

increased concentration  of oxygen) by stabilising sulphydryls and membrane lipids and by inhibiting 

nitric oxide production.  Zinc is also a component of copper /zinc superoxide dimutase (Cu/Zn SOD), 

a key anti-oxidant enzyme in the airway epithelium(49). 

 

Zinc is an anti-apoptotic agent. Apoptosis, defined as programmed cell death occurs in every cell 

type in the body, and is increased in inflammatory states. Zinc has a role in inhibiting caspase -3, an 
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important effector enzyme in apoptosis (49, 194, 195).  Zinc also maintains the integrity of cellular 

membranes, associated cytoskeleton and cilia(49).  

 

Lastly, zinc is an immunomodulatory agent , essential in phagocytic function, cellular and humoral 

immunity(49) . Zinc is an essential element in the development and function of T lymphocytes and 

their cytokines, in addition to B lymphocytes and antibody production, especially immunoglobulin G. 

Zinc is integral to macrophage function, the cell which presents the antigen to the T cell which then 

initiates the immune response(196).   

 

Zinc deficiency is considered to promote airway inflammation in several ways: 

1. by altering aspects of the immune response.  

Zinc deficiency results in decreased T and B lymphocyte concentrations and  function, key players in 

the cellular immune response to an antigen(196, 197).  Normally there is a balance between the T 

Helper 2 lymphocytes (TH2) which produce pro-inflammatory cytokines (substances that promote 

inflammation) and T Helper 1 lymphocytes which produce anti-inflammatory cytokines. Zinc deficiency 

is known to increase the production of TH2 cytokines involved in inflammation and in asthma and 

reduce the CD4  to CD 8 cell ratios  altering the balance between  TH2 and TH1 lymphocytes(197). 

Zinc deficiency  blocks the development of B lymphocytes in the bone marrow and inhibits B cell 

antibody responses(197). Zinc deficiency also reduces the chemotactic response of the cells 

produced by the T cell response such as the natural killer cell, the polymorphonuclear leucocyte, and 

macrophage(197). Animal and human studies have demonstrated that repleting zinc deficient states 

with zinc supplements reverses these immunological changes (197).  
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2. by increasing apoptosis or programmed cell death of airway epithelial cells. This in turn results in 

rapid cell turnover and proliferation of airway epithelial cells which may have implications for later 

airway remodelling and chronic airflow limitation(194-196). 

 

3. by impairing cilial function. Recent studies have shown that zinc deficiency in vitro may impair 

cilial function on airway epithelial cells which protect the airway from foreign agents such as allergens, 

viruses and bacteria (manuscript in preparation Grosser and colleagues).  

 

4. by increasing oxidative stress. Oxidative stress involving free radicals, is a recognised  pro- 

inflammatory trigger and zinc is a known anti-oxidant  Given zinc’s anti-oxidative role, zinc deficiency 

could promote airway inflammation by this mechanism(197).  

 

5. by increasing eosinophilic infiltration into the airway. Zinc has been shown to directly reduce 

the infiltration of inflammatory cells, especially eosinophils, and neutrophils in the airway of 

mice.((198),(49)) In one study, the addition of zinc to drinking water effectively reduced airway 

eosinophilia in mice! (199). 

 

 2.5.6 Zinc deficiency and asthma 
 

As asthma is predominantly an inflammatory disorder of the airways and zinc is known to have an 

anti-inflammatory role, a possible relationship between asthma and zinc deficiency has, and is being 

explored by several researchers. Questionnaire based studies (case-controlled and cohort studies) 

(47, 48) have reported  significantly lower intake of zinc in those with seasonal and allergic symptoms 
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and in those with asthma compared with controls. Total zinc concentrations in blood and hair have 

also been measured in asthmatics and non asthmatics in several studies with varying results: some 

have demonstrated a significant reduction in blood or hair zinc concentrations in asthmatics(200-202), 

while others have shown no difference  between groups(203-205) or an increase (206).  

 

2.5.7   Zinc deficiency and zinc supplementation in a mouse model of 
asthma   
 

When airway inflammation using nebulised ovalbumin (OVA) as the allergen was induced in zinc 

deficient mice and in zinc normal mice, zinc deficient mice had significantly greater airway 

inflammation measured by hyper-responsiveness of the airways, epithelial apoptosis, mucous 

hyperplasia and eosinophilia. Conversely,when mice with OVA induced airway inflammation were 

treated with zinc supplementation intraperitoneally, they had significantly less airway inflammation 

(evidenced by fewer eosinophils and eosinophil peroxidase activity in the bronchoalveolar lavage fluid  

compared with placebo treated mice(46)  

 

This thesis extends and optimises the methodology for measuring labile zinc in blood and tissue to 

include sputum, with the aim of determining airway zinc levels in asthma. Novel work exploring the 

relationship between zinc and AI in asthma using induced sputum examination is also presented.  
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Table 2.1: Correlation(r) between cell counts examined by induced sputum and 
bronchoalveolar lavage, bronchial washing, and bronchial biopsy in asthma.  
 

 

* significant correlation at p<0.05; NS=non significant correlation ;BAL:  bronchoalveolar lavage;  

 

 

 

 

 

 Author (ref) 

 

  Sputum cell type 

 

         BAL(r) 

 

  Bronchial  washing(r) 

 

    Biopsy(r) 
 

 Pizzichini(131) 

 Keatings (129) 

 Fahy (126) 

 Maestrelli (130) 

 Grootendorst (127) 

 

     eosinophil 

 

 

           0.32 

           NS 

           0.50* 

           0.60* 

           0.55* 

 

            0.70* 

            0.70* 

            0.70* 
 

 

 

 

 

       NS 

       NS 
 

 Pizzichini(131) 

 Keatings(129) 

 Fahy (126) 

 Grootendorst (127) 

 

      neutrophil 

 

           0.78* 

           NS 

           0.30 

 

 

            0.60* 

            0.40 

            NS 

 

 

 

 

        NS 
 

 Fahy(126) 

 Grootendorst (127) 

 

    macrophage 

 

          0.10 

 

            0.10 

 

 

        NS 
  

 Pizzichini (131) 

 Fahy (126) 

 Grootendorst (127) 

 

    lymphocyte 

 

          0.78* 

         -0.10 

 

 

          0.10 

           NS 

 

 

 

        NS 
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Table 2.2: Reliability of induced sputum cell counts expressed by the intraclass 
correlation coefficient (ICC).   

 

An ICC > 0.8 is considered to be acceptable. Inter rater: between examiner reproducibility; Intra rater: within 
examiner reproducibility; eos:eosinophil;neut:neutrophil; macro:macrophage; lymph:lymphocyte 

 

  

 Author (ref)       subject(s)      method      eos     neut    macro 
 
  lymph 
 

Gibson (135) asthma          n=10 

bronchitis       n=8 

 

    day to day 

 within  sample 

     0.96 

     0.97 

    0.90 

    0.92 

    0.94 

    0.90 

   0.68 

   0.86 

Pin(133) asthma          n=17  

normals         n=17 

   day to day     0.80     0.73     0.71  

Pizzichini (132) asthma          n=19 

bronchitis      n=10  

normals         n= 10 

 

   day to day      0.94     0.81     0.71    0.25 

In’t Veen (128) asthma          n=21    day to day      0.85     0.57     0.76    0.76 

Spanevello (138) asthma          n=53 

normals         n=19 

 

   day to day 

 within sample 

     0.84 

     0.98 

    0.75 

    0.85 

    0.76 

    0.86 

   0.39 

   0.77 

                                

                                 Inter rater and intra rater reliability of sputum differential cell counts 

Popov (136) 
within examiner count 1 vs 2 

                     n=29 

    0.99     0.96     0.84    0.37 

 between examiner reproducibility 

                     n=20 

    0.98     0.93     0.92    0.09 

Ward(207) 

 

between examiner reproducibility 

                     n=24 

    0.97     0.94     0.94    0.27 
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Table 2.3:  Sputum total cell count and differential cell percentages in healthy adults 

 

Modified from Belda and colleagues (137); TCC : total cell count; SD: standard deviation; IQR  Inter quartile 

range;% : percent; mL: millilitre;  

 

 

 

a1172507
Text Box
 
                          NOTE:  
   This table is included on page 56 
 of the print copy of the thesis held in 
   the University of Adelaide Library.
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 Table 2.4:  Features of sputum inflammatory subtypes in asthma 

  

 Eosinophilic  
 

Neutrophilic  
 

Paucigranulocytic 
  

Mixed granulocytic  
 

TCC,106/mL 

 

1.9 (1–3.3) 14.9 (5.8–25.5) 2.8 (1.4–3.7) 13.5 (8.3–20) 

Viability, % 

 

70 (59–86) 98 (88–98) 76 (71–86) 87 (81–99) 

Neutrophils,% 

 

24.5 (14.3–36.4) 81 (70–93) 28.7 (15.7–44.1) 71.8 (64–87.8) 

Eosinophils,% 

 

3.4 (2.2–12.8) 0.3 (0–0.5) 0.3 (0–0.5) 4.8 (2.1–21) 

Macrophages,% 

 

59.1 (38–74) 18 (6.5–27.3) 64.6 (53.6–80.6) 18.5 (12–25.5) 

Lymphocytes,% 

 

0.5 (0–1.6) 0.3 (0–1) 0.5 (0–1) 0.5 (0.3–3) 

 

modified from Simpson and colleagues(34); median (IQR);TCC : total cell count %; percent; mL: millilitre 

  



58 

 

Table 2.5: Correlation (r) between clinical variables and inflammatory markers; 
symptoms, FEV1, methacholine PC20 sputum and blood eosinophil count and eNO.  

 
    Author (ref)    Symptoms FEV1 (L /% pred)      PC20 

   mg/ml 
   Blood  
eosinophil  

 Sputum  
eosinophil  

 sputum  

 eosinophil 

 Pizzichini (132) 

 Lim (144) 

Jatakanon (143) 

Louis (146) 

Jatakanon(70) 

Duncan(208) 

Polosa(209) 

 

     -0.68* 

 

 

      0.43* 

      0.48 

      0.72* 

         -0.68*  

         -0.63* 

 

         -0.43* 

         -0.71* 

         -0.46* 

    -0.66* 

    -0.67* 

    -0.40* 

    -0.55* 

 

 

    -0.47* 

 

 

 

    0.61* 

 

 sputum 

 neutrophil 

Louis(146)        0.23          -0.20     -0.46*    -0.46*  

blood  

eosinophil  

 

Pizzichini(69) 

Duncan(208) 

Taylor (105) 

 

      0.57* 

 

        -0.57* 

        -0.39* 

 

 

    -0.52 

 

    -0.71* 

 

 

 

eNO 

 

 

 

 

Lim(71) 

Jatakanon(70) 

Salome(210), 

Mattes(211) 

Berry(212) 

 

     -0.02* 

 

 

 

 

 

        -0.12* 

 

 

 

    -0.64* 

     0.39#* 

 

 

     0.35* 

 

 

 

 

    0.30 

    0.26*∞ 

 

 

*p<0.05; NS=non significant; #histamine; ∞: r2 (therefore correlation r=0.509);FEV1: forced expiratory volume in 
1 second; PC20: provocation concentration resulting in 20% fall in FEV1 from baseline; eNO :exhaled nitric oxide  
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Figure 2.1: Zinc homeostasis.  

 
 

5 mg

3 mg

57 %

 
 

Reprinted with permission from A/Prof Peter Coyle, Hanson Institute, University of Adelaide  
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                          NOTE:  
   This figure is included on page 59 
 of the print copy of the thesis held in 
   the University of Adelaide Library.
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Figure 2.2 (a) Zinquin structure and (b) Labile Zinc fluorescing with Zinquin in the 
apical component of airway ciliated columnar cell.  
 

(a)    

 

 

  

(b)  Labile zinc in the apical segment of an isolated, ciliated the columnar cell. 

  

methyl  
group 

 ester 

sulfonylamido  
group 
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CHAPTER 3 

 
Materials and Methods 
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This chapter describes the North West Adelaide Health Study (NWAHS) cohort from which 

participants were enrolled. It also outlines the materials and methods used in the experimental 

chapters of this thesis. 

 

 

3.0 The North West Adelaide Health Study (NWAHS) Cohort. 
  

The North West Adelaide Health Study is an ongoing 4060 population based study in South Australia 

which is examining the impact of chronic disease (asthma, chronic obstructive pulmonary disease, 

diabetes, and cardiovascular disease) on the individual and society. All participants have undergone a 

clinical assessment which has included a comprehensive questionnaire, standardised allergy skin 

prick tests for  atopy, and baseline lung function measurement with spirometry and bronchodilator 

response. Full details of the cohort have been published (213) with a dedicated website providing 

details of methodology and results to date: http://www.nwadelaidehealthstudy.org.  

 

Within this cohort, a community sample of 300 individuals with self reported-doctor diagnosed 

asthma, 80 subjects without symptoms of asthma but evidence of a bronchodilator response (BDR) 

according to reversibility have also been identified. All these subjects (n=380) were invited to 

participate in this study (thesis) of which 77 (20%), all with a self reported doctor diagnosis of asthma 

consented to participate.  

 

Subjects without asthma(n= 91), defined by the absence of a self reported-doctor diagnosis of asthma 

and the absence of reversibility of airway obstruction based on American Thoracic Society criteria 
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were also voluntarily recruited from the larger NWAHS study, and formed the control group for this 

study. 

 

All subjects were over the age of eighteen. Informed consent was obtained on all subjects. All aspects 

of the studies undertaken in this thesis conformed to National Health and Medical Research 

guidelines and were approved by The North West Adelaide Health Service Ethics of Human Research 

Committee.  

 

 

3.1 Clinical Procedures  
 

3.1.1 Questionnaires  
 

3.1.1.1 The NWAHS questionnaire is a comprehensive questionnaire that seeks detailed feedback 

from participants on a variety of chronic disorders. The respiratory section of the questionnaire is 

shown in Appendix 1. Episodic symtoms were defined as the presence of cough, wheeze, shortness 

of breath or chest tightness during the past 12 months. 

 

3.1.1.2. Quality of life was assessed by the generic SF (short form) 36 Quality of Life 

Questionnaire(214) The SF-36 is a multi-purpose, short-form health survey comprising of 36 

questions. It provides information across 8 domains in an individual: Physical Functioning, Role-

Physical (RP) Bodily Pain, General Health (GH), Vitality, Social Functioning, Role-Emotional (RE) and 

Mental Health (MH). Each domain is transformed into a 0-100 scale with zero indicating poorest 
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health and 100 indicating best health. The SF-36 is a generic measure, as opposed to one that 

targets a specific age, disease, or treatment group. Accordingly, the SF-36 allows quality of life 

comparisons to be made across a wide range of diseases and treatments.  

 

3.1.1.3. The Visual Analogue Scale (VAS) is a 100millimetre (mm) horizontal scale on which 

subjects rate their magnitude of breathlessness. It ranges from a minimum of zero, defined as no 

respiratory sensation, to a maximum of 100mm, defined as the worst respiratory complaint 

imaginable. The scale is responsive to  change in symptom perception following an intervention(215).  

It was used in this thesis to quantify the perception or sensation of dyspnoea (POD) to a stimulus, 

namely the hypertonic saline challenge, which is described in detail below (section 3.2.2).  

(a ) in asthma. 
 

Perception of dyspnoea (POD) was measured before the saline challenge commenced, and when a 

15% fall in FEV1 from baseline occurred(216). Previous VAS scores were not shown to the subjects. 

Over perceivers of breathlessness (hyperperceivers) and under perceivers of breathlessness 

(hypoperceivers) were defined by a VAS score of more than or less than 1 standard deviation (SD) 

from the mean respectively, as data were normally distributed. This categorisation was based on that 

used by Boulet and colleagues who demonstrated that in a sample population with increased airway 

hyper -responsiveness, POD documented at a 20% fall in FEV1 from baseline (PS20),with the modified 

Borg scale , were normally distributed(53).  

(b) in normal subjects  or subjects without asthma. 

 
VAS assessment in subjects without asthma was performed as described above. As our  subjects did 

not achieve a 15% fall in FEV1 ,in order to standardise or anchor the change (delta or Δ) in the VAS 

score to the change in FEV1 with the saline challenge, POD was measured as Δ VAS/ Δ FEV1.  
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Furthermore, as VAS results were not normally distributed in our study group of healthy subjects, 

percentile values were substituted for SD, based on the studies by Boulet and colleagues (53, 217). 

Low perception of breathlessness (hypoperceiver) was defined, a priori, as a VAS score below or 

equal to the 25th percentile and increased perception of breathlessness (hyperperceiver) was defined 

as a VAS score equal or greater than 75th percentile.  

 

 

3.2. Lung Function assessment and assessment of asthma  
severity 

      

 3.2.1 Spirometry 

Spirometry was performed with a Microlab 3300 (Micro Medical Ltd; Kent, United Kingdom) 

according to American Thoracic Society (ATS) criteria (218) using reference values from Crapo 

and colleagues (219). Reversibility of airway obstruction was defined as an increase of at least 

12% and 200mls in forced expiratory volume in 1 second (FEV1) 10 minutes after 400 μg of 

salbutamol via a spacer device (Aerochamber® or Volumatic®). Determination of 

bronchodilator response (BDR) according to reversibility was performed at a prior clinic visit to 

the hypertonic saline challenge (within the preceding 3 months) as part of the NWAHS study. 

 

3.2.2. Hypertonic saline challenge 

The test was performed using the method described by Anderson(82), Gibson and colleagues(162, 

220)  Briefly, the subject inhaled a solution of hypertonic saline (4.5 %) for increasing time periods for 

a total of 15.5 minutes (30 seconds, 1 minute, 2 minutes , 4 minutes, 4 minutes, and  then 4 minutes 

again) via an ultrasonic nebuliser with a mouthpiece. After each period of inhalation, FEV1 was 
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measured for safety. The procedure was terminated when a 15% fall in FEV1 from baseline (PD15) 

occurred or when 15.5 minutes of nebulisation was complete, whichever occurred first. Medications 

that interfere with the test were ceased temporarily for an appropriate time prior to the test (162). A 

positive test of AHR was described as a 15% fall in FEV1 from baseline (PD15) prior to, or at completion of the 

challenge. A negative hypertonic saline challenge test was documented when the 15% fall in FEV1 

from baseline (PD15) did not occur within, or at completion of, the 15.5 minutes of nebulisation. 

 

3.2.3. Asthma severity  was assessed using modified Global Initiative of Asthma (GINA) 

criteria(9). This classification of asthma severity is based on clinical features: symptoms and lung 

function (FEV1 and Peak Expiratory Flow (PEF) monitoring). More recently this classification has been 

modified by the National Asthma Council of Australia to include the inhaled corticosteroid dose 

used(8) (Appendix 2), as reiterated recently in the literature(221). 

 

 

3.3 Laboratory procedures  

 

3.3.1 Allergy skin prick tests 

Allergy skin prick tests were performed at the initial visit into the NWAHS study to determine if 

the participant reacted to six allergens: rye grass, cat, house dust mite, alternaria (mould), 

feather and cockroach. This involved putting drops of liquid allergens on the participant’s 

slightly scratched skin on their forearm. After 15 minutes, the diameter (millimetres) of the 

wheal or bump of the skin was measured. A successful test required that a person’s negative 

control wheal be less than 2 mm in diameter. A person was defined as having an allergic 
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reaction to the selected allergen if the difference between the negative control wheal and the 

allergen wheal was more than 2 mm in diameter, and the allergen wheal on the skin measured 

2 mm or more in diameter ( from http://www.nwadelaidehealthstudy.org). 

 

3.3.2 Sputum induction and processing  

Sputum was obtained by the hypertonic saline challenge test described above. At the end of 

the procedure subjects were asked to blow through the nose and rinse their mouth and swallow 

the water to minimise contamination with saliva and post nasal drip. Then, they were instructed 

to cough sputum into a sterile container. Sputum was processed within 2 hours of collection 

according to European Respiratory Society Task Force guidelines(139). Briefly, the 

expectorated specimen was poured into a Petri dish and the macroscopic appearance was 

recorded. A portion of sputum up to 500 mg was selected and placed in a 15 ml polystyrene 

tube. It was then treated with dithiothreitol (DTT) (Sputolysin10%, Calbiochem Corp, San 

Diego, CA), vortexed, and rocked for 15 minutes to break up the mucus and disperse cells. 

Phosphate buffered saline was added to the suspension which was filtered through 60 μm 

nylon mesh (Millipore, Nth Ryde, NSW, Australia). The filtrate was centrifuged for 10 min at 

400g, the sputum supernatant was removed and stored at minus 20 degrees Celcius(oC) and 

the cell pellet was resuspended in 0.5 ml of Hanks balanced salt solution (HBSS).  The total 

cell count (TCC) and viability (V), as measured by exclusion of 0.2% trypan blue, were obtained 

simultaneously in a modified Neubauer chamber. Cytospins were prepared and stained with 

May Grunwald - Giemsa for a differential cell count (DCC) of 400 non squamous cells. All 

sputum cell and differential counts were performed independent to, and blinded to, clinical 

details and subject grouping.  
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3.3.2.1Quality Control   

During the course of optimising the sputum processing methodology for the studies undertaken 

in thesis, we liaised with a central laboratory with expertise in this area. (Hunter Medical 

Research Institute, John Hunter Hospital, Newcastle, NSW) and sent stained slides for double 

reading. The between observer repeatability for the differential cell count expressed by the 

intraclass correlation coefficient (ICC) was as follows: eosinophil 0.96; neutrophil 0.99; 

macrophage 0.98; lymphocyte 0.35. These results are in keeping with previous studies(207)  

(see Table 2, Chapter 2). All differential cell counts were performed by a consultant 

haematologist. The overall mean (SD) viability for the differential cell counts was 84(17) %. The 

overall median (IQR) squamous cell contamination for the differential cell counts was 15(30) %. 

 

 3.3.3 Exhaled Nitric Oxide (eNO)  

       Exhaled nitric oxide was measured prior to any forced expiratory manoeuvres. Measurements   were 

obtained online, using a calibrated chemiluminescence analyzer with an integrated flow transducer 

(ECO Physics AG, Switzerland, model CLD 77AM) according to current ATS guidelines (111). An 

exhalation flow rate of 50ml/second was used. Nose clips were not used. All subjects remained 

standing for the measurements. Subjects were instructed to inspire fully and then, without hesitation, 

expire via a disposable mouthpiece through a 1.5 mm orifice. Flow was recorded by an ultrasonic 

spirometer connected downstream of the orifice.  A pressure gauge attached to the upstream side of 

the orifice was used to provide feedback to the subject to facilitate a constant expiratory flow. A 

pressure of 14 cmH2O was found to correspond to a flow of 50 ml/second. Expired gas was sampled 

continuously from a port between the orifice and the spirometer. Each subject performed one or more 

practice measurements, as necessary, until they were able to perform the required manoeuvres. 

Three readings were performed and the average was used for each subject. Each online recording of 
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eNO was inspected and the eNO recorded as the average reading over at least 10 seconds of the 

record after initial transient changes due to sampling of expirate from the upper airway and equipment 

dead space. The resistance formed by the orifice was sufficient to close the velum thereby preventing 

contamination of the expirate by nasal NO. Exhaled nitric oxide measurements were conducted on 80 

consecutive subjects,as this procedure was introduced during the study and not at commencement. 

There were no equipment or subject failures. Readings were obtained by technical staff blinded to 

the clinical details of subjects. 

 

3.3.4 Collection of blood and saliva. 

 
  A sample of blood and saliva was taken for zinc measurement. Five millilitres(mls) of blood was 

collected in a heparin tube and centrifuged immediately for 10 minutes at 1000g. The plasma was 

removed and frozen at -20◦C for later measurements.  Prior to commencing the hypertonic saline 

challenge, the subject was asked to expectorate a sample of saliva into a sterile container.  

 

3.3.5. Measurement of total and labile zinc in induced sputum, plasma    
and labile zinc in saliva.  
 

The materials and methods for measuring total and labile zinc in these body fluids are 

described in Chapter 7 as optimising the method to measure labile zinc in sputum, and 

comparing it with total zinc measurements in sputum and  plasma constitute an experimental 

chapter in this thesis. 
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CHAPTER 4 

 

 

The relationship between airway inflammation 
and asthma defined by self reported doctor 
diagnosis, wheeze, episodic symptoms with 
bronchodilator reversibility, or episodic 
symptoms with airway hyper-responsiveness 
in a South Australian adult community. 
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4.0 Introduction 
 
 
Asthma is a disorder that is defined in many ways (Table1.1, Chapter 1) and which is currently the 

topic of much debate, primarily due to the lack of a gold standard definition. The traditional and most 

commonly used definition, which has stood the test of time, includes the presence of episodic 

symptoms with  evidence of variable airflow obstruction(7). In community populations these  

symptoms are usually assessed by questionnaires, and often complemented with an objective 

measure of variable airflow obstruction such as PEF, spirometry with bronchodilator reversibility 

(BDR), or  test of airway hyper-responsiveness(11, 13). The episodic nature of symptoms and 

variability of airflow obstruction encompassed in these definitions however, may underestimate the 

true prevalence of asthma. 

 

More recently, with the realisation that asthma is primarily an inflammatory process, and with the 

advent of eNO and induced sputum examination, tools developed to assess AI accurately, 

researchers have been assessing the role of these techniques in the diagnosis and management of 

asthma(31, 113). Exhaled nitric oxide and IS, by determining the presence or absence of AI and the 

cellular subtype of AI (with IS), have a clearly defined role in diagnosing and monitoring AI in asthma, 

and in optimising asthma control through titration of the inhaled corticosteroid dose to AI  

measurements(37, 38). These findings, are however, based on studies where subjects were recruited 

from hospital clinics and their asthma was well characterised. The usefulness of these tools in the 

community, where patients present with self reported symptoms or a doctor diagnosis suggestive of 

asthma is less defined.  
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Lemiere and  colleagues explored the premise that sputum eosinophil counts would be useful in 

validating self reported symptoms suggestive of asthma within an adult community(161). Subjects  

(n=107, 30% on ICS) were divided into the four groups; no respiratory symptoms, those with self 

reported diagnosis of asthma, subjects reporting recurrent wheeze but not diagnosed with 

asthma, and those reporting exposure to industrial irritants. The authors found that ‘in a 

community setting, induced sputum eosinophil cell counts in subjects reporting asthma or 

wheezing were most often within the normal range and not sufficiently abnormal to be useful in 

validating a diagnosis of asthma in epidemiological studies’(161).  In contrast, in another 

epidemiological study (n=170, 6% on ICS) examining the association between AI, asthma 

symptoms and airway hyper-responsiveness (AHR) in children, a significant relationship was 

found between sputum eosinophilia and asthma symptoms (odds ratio (OR) 2.25 (95%CI: 1.2-

4.24; p<0.01) and between sputum eosinophilia and AHR (OR 4.36 (1.7-11.2, p<0.001)(162).  

 

There are few studies evaluating the clinical utility of eNO in the community. Recently, a randomised, 

single blind trial examined the additional clinical benefit provided by eNO measurements compared 

with traditional management (symptom and lung function assessment) alone, in improving asthma 

control and exacerbations over 12 months(222). The authors found that, in subjects recruited from 

primary care with a doctor diagnosis of asthma, regular eNO measurements did not reduce the 

exacerbation rates significantly or result in a difference in the total amount of ICS used (222). In 

another cross sectional study of steroid naïve patients(n=51), the usefulness of eNO compared with 

spirometry measurements in influencing a General Practioner’s working diagnosis of respiratory 

symptoms was assessed. Exhaled nitric oxide measurements improved diagnostic confidence in 

48/51 (94%) cases in a primary care setting while spirometry was considered to be helpful in 

27/51(53%) of cases(223). A comparable study specifically examining the clinical utility of eNO 



73 

 

measurements in supporting a doctor diagnosis of asthma has not been performed. In a recent 

community based study developing reference ranges for eNO, Travers and colleagues found that 

eNO was a poor discriminator between normal subjects and those with asthma (115). 

 

Similarly, while histamine and methacholine challenges are well researched and established tests of 

AHR frequently used in the diagnosis of asthma in the hospital setting and in community based 

studies(224), the usefulness of a hypertonic saline challenge (HS) test to diagnose asthma in the 

adult community has not been studied comprehensively. Epidemiological studies have demonstrated 

a low sensitivity and high specificity for HS challenge to identify a doctor diagnosis of current asthma 

(54) and to identify asthma defined by questionnaire (84). Conversely, Leuppi and colleagues found in 

patients with a doctor diagnosis of asthma (n=604) referred for a HS challenge test, self recognition of 

asthma, and frequency of bronchodilator use in the 3 months prior to the challenge were predictive of 

a positive response (PD15)(225). 

 

The aims of this study were therefore to firstly explore the frequency and type of AI present in an adult 

South Australian community; secondly to examine if the addition of a measure of AI, namely induced 

sputum eosinophil count and eNO measurements would aid the diagnosis of asthma compared with 

the traditional physiological measures of BDR and AHR; thirdly to assess the clinical utility of HS 

challenge in the diagnosis of asthma. Asthma for this study was defined by self reported doctor 

diagnosis (SRDD), presence or absence of wheeze, episodic symptoms and bronchodilator 

reversibility( ESBDR), and by episodic  symptoms and airway hyper- responsiveness (ESAHR).  
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4.1 Materials and Methods  
 

These are detailed in Chapter 3.  

Subjects  

Subjects were recruited from the North West Adelaide Health Study cohort for this cross-sectional 

study.  

Procedures  

Subjects undertook a single visit to the laboratory and had the following procedures: 

Clinical assessment and symptom questionnaire, spirometry, hypertonic saline challenge test and 

sputum induction. Reversibility of airway obstruction was defined as an increase of at least 12% and 

200mls in forced expiratory volume in 1 second (FEV1) 10 minutes after 400 μg of salbutamol via a 

spacer device (Aerochamber® or Volumatic®). Determination of bronchodilator response (BDR) 

according to reversibility was performed at a prior clinic visit, within the preceding 3 months as part of 

the NWAHS study. Sputum was processed as per ERS Task Force guidelines using the selected 

method(139). Exhaled nitric oxide was measured prior to any forced expiratory manoeuvres, 

according to current guidelines(111). The study profile is outlined in Figure 4.1. 
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4.2 Statistical analysis  
 

Descriptive statistics were used to summarise the clinical characteristics of the participants. Variables 

with non normal distribution (sputum total cell count and eosinophils) were log transformed before 

analysis if possible. Comparisons between asthma and no asthma groups were made using the t test 

for normally distributed variables and Mann-Whitney U test for non normal data. Sensitivities, 

specificities, positive and negative predictive values (accuracy analysis) for the diagnosis of asthma 

by self report, presence of wheeze, ESBDR, and ESAHR were calculated for each of the tests. For 

sputum eosinophils the cut points used were 1% and 2%. For eNO the cut points used were 19 ppb 

and 30ppb. Relationships amongst a series of dependent outcomes, asthma diagnosed by self report, 

wheeze, ESBDR or ESAHR and sputum eosinophils and eNO were explored by 2 methods: firstly, by 

logistic regression and expressed as the odds ratio (OR); and secondly with correlations. Results 

were calculated for the HS challenge test, sputum eosinophil and eNO in all subjects and with 

subjects on ICS removed from the analysis. This was done as these measurements are known to be 

very sensitive to ICS(31, 111). All statistical tests were two sided and significance was accepted at 

the 95% level. Data analysis was performed using statistical software SPSS for windows7 Version 

10.0 (SPSS Inc., Chicago, Illinois). 

 

 

4.3 Results 
 

Baseline subject characteristics are illustrated in Table 4.1. Age, male gender, and FEV1 (Litres and 

percent (%) predicted) were significantly lower in subjects with SRDD asthma compared with those 

without SRRD asthma. Atopy and use of inhaled medications were increased in subjects with SRDD 
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asthma compared to those without. Most subjects with SRDD had mild intermittent asthma based on 

the NAC (2006) criteria (8) 

 

Frequency and type of airway inflammation  
 
The prevalence of eosinophilic, neutrophilic, and pauci-granulocytic (non eosinophilic, non 

neutrophilic) AI in this South Australian community was similar in participants with and without SRDD 

asthma (Table 4.2). Sputum eosinophilia >1% was present in approximately 30% of subjects with and 

without SRDD asthma, with non eosinophilic AI present in the majority. Exhaled nitric oxide was 

measured in fewer (n = 80) subjects. A raised eNO of > 19 parts per billion (ppb) was similarly present 

in subjects with (43.4%) and without asthma (40.1%) while eNO of >30 parts per billion was more 

frequent in subjects with asthma (Table 4.2). Comparable results were obtained when subjects on 

ICS were removed from the analysis (Table 4.2). 

 

The relationship between asthma defined by SRDD, wheeze or ESAHR and bronchodilator 

reversibility( BDR) . 

Wheeze was noted in 69% (53/77) of subjects with, and in 38% (35/91) of subjects without SRDD 

asthma, but most reported occasional wheeze in the last 3 months (Table 4.3). BDR was present in  

20.7% of subjects with SRDD asthma and in no one without SRDD asthma (Table 4.4). The HSAHR 

test was positive in 73% of those subjects with, and in 55% without SRDD asthma (Table 4.5). 

Significant correlations were noted between asthma defined by self report and wheeze (r=0.30; 

p=0.00; n=168), asthma defined by self report and ESBDR (r=0.35; p=0.00, n=165) or ESAHR 

(r=0.48; p=0.00, n=144). Bronchodilator reversibility correlated significantly with all definitions of 
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asthma: BDR and asthma defined by self report (r=0.3; p=0.00, n=165), BDR and wheeze (0.20; 

p=0.01, n=165), and BDR and ESAHR(r=0.23; p=0.005, n=144).  

 

Sensitivity, specificity, positive and negative predictive values of BDR, HSAHR, sputum 

eosinophilia and eNO measurements for asthma defined by self report, wheeze, ESBDR and 

ESAHR.   

Bronchodilator reversibility had poor sensitivity but excellent specificity and a high positive predictive 

value for a diagnosis of asthma based on self report, wheeze and ESAHR(Table 4.4).Contrastingly, 

HSAHR had moderate sensitivity and poor specificity  for a diagnosis of asthma defined by self report 

or wheeze in subjects on or off ICS (Table 4.5). An eNO measurement of greater than or equal to 30 

ppb was associated with poor sensitivity but excellent specificity for asthma defined by self report, 

wheeze, ESBDR and ESAHR (Table 4.6). Additionally, an eNO > 30 ppb was associated with a high 

specificity for a positive test of HSAHR alone (Table 4.7). An eosinophil count of greater than 2% was 

associated with poor sensitivity and high specificity for asthma defined by self report, wheeze, ESBDR 

and ESAHR (Table 4.8). Additionally, an eosinophil count > 2%, akin to eNO>30ppb, was associated 

with a high specificity for a positive test of HSAHR alone (Table 4.9).  

 

Associations between physiological and inflammatory markers and asthma defined by self 

report, wheeze, ESBDR and ESAHR  

Asthma defined by SRDD asthma was significantly associated with the presence of wheeze, BDR and 

a positive HSAHR (Table 4.10). A strong relationship was present between asthma defined by 

wheeze and BDR, while a significant association was noted between asthma defined by ESAHR and 

BDR(Table 4.10). Relationships were not noted between sputum eosinophilia and asthma defined by 
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SRDD, wheeze, ESBDR or ESAHR. Contrastingly, eNO > 30 ppb was strongly associated with 

asthma defined by SRDD: OR 4.0 (95% CI: 0.9-18.6), p=0.08 subjects not on ICS, and by ESAHR: 

OR 6.6 (95% CI: 0.8-58),p=0.08 subjects not on ICS (Table 4.10). Exhaled nitric oxide levels > 19 and 

30 ppb were not significantly associated with a diagnosis of asthma defined by ESBDR.  

 

Table 4.11 documents the additional numbers of subjects identified if asthma was defined by the 

presence of AI (a raised eosinophil count >2% and /or raised eNO>30 ppb) over and above a positive 

self reported doctor diagnosis of asthma. An eNO > 30ppb detected most cases, and a combination of 

a raised eNO > 30ppb and presence of sputum eosinophilia >2% detected nearly all cases of asthma 

defined as such. 

 

Table 4.12 demonstrates the number of subjects classified as having asthma depending on the 

definition used (SRDD, ESBDR or ESAHR) when compared to a “global definition” of asthma 

including all of the above , and which is similar to that used in real life. 
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4.4 Discussion 
 

It is now unequivocally established that asthma is a  disorder  “heterogeneous in its clinical features, 

treatment response, prognosis and pathophysiological mechanisms”(226). Several definitions for 

asthma exist, and the most appropriate choice is often determined by the clinical situation and 

context. This study has shown that the prevalence of eosinophilic airway inflammation in a community 

cohort with asthma is approximately 30%, and that non-eosinophilic, paucigranulocytic (sputum 

eosinophils and neutrophils in the normal range) AI predominates. These findings have been 

confirmed in previous hospital based studies (34) and for the first time, also verified in this community 

based study involving adults. A recent epidemiological study in 381 adults with asthma found a similar 

prevalence of cellular subtypes in peripheral blood; 44 % of subjects had eosinophilic inflammation 

while 56% had non eosinophilic, predominantly paucigranulocytic inflammation(227). The pathological 

difference between paucigranulocytic AI and normal cell counts, and methods to differentiate these 2 

states in asthma is currently unclear and open to debate.  

Interestingly, 20 to 32% of participants without documented SRRD asthma were also noted to 

have sputum eosinophlilia (Table 4.2). The prevalence of sputum eosinophilia in a healthy 

community cohort is unknown. Previous published reports involving healthy individuals in 

experimental studies have estimated the prevalence of airway eosinophilia (defined by sputum 

eosinophils >2.5% or BAL eosinophils >1%)  at 5.5% ( 95%CI: 1.5 to 9.6)% (228). The higher 

prevalence noted in this study may be authentic, or may include individuals with cough alone 

as a symptom with sputum eosinophilia in the absence of BDR or airway hyper-responsiveness 

(eosinophilic bronchitis), and those with undiagnosed asthma without evidence BDR or AHR on 

the day of testing.  These  findings may also reflect the presence of co- exisiting disorders in 

participants such as allergic rhinitis and gastro-oesophageal reflux (228) which  were not 

objectively quantified at the clinic visit.  
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The relationship between asthma defined by self report (SRDD), presence of wheeze, and  

physiological ( BDR and AHR) and inflammatory markers (sputum eosinophilia and ENO) was 

also explored. The sensitivity and specificity and predictive value of BDR, HSAHR, eNO and 

sputum eosinophil measurements were similar for asthma defined by self report, wheeze, 

ESBDR or symptomatic airway hyper- responsiveness (ESAHR). These findings suggest that 

symptoms, variable airflow obstruction, and airway hyper- responsiveness remain interrelated 

in the diagnosis of asthma.  

 

Bronchodilator reversibility, traditionally used in the definition of asthma (8, 9), had excellent 

specificity (95 to 100%) and positive predictive value (75 to 100%) for asthma, defined either by self 

report, wheeze or ESAHR. The findings differ with current opinion suggesting that a single recording 

of reversibility is of limited value in the diagnosis of asthma(229). This may reflect the poor sensitivity 

of the test (13 to 20.7%) which restricts its use as a screening tool. Our findings suggest BDR is an 

extremely useful test in “ruling in” a diagnosis of asthma where the index of suspicion is high. 

Appleton and colleagues additionally found that BDR in the NWAHS cohort was associated with the 

presence of significant respiratory symptoms and impairment (230).  

 

Hypertonic saline challenge testing was moderately sensitive (73%), with an equivocal positive 

predictive value of 49% and poor specificity (45%) in subjects with asthma defined by self report in the 

community. This result differs from previous community based and laboratory based studies where 

hypertonic saline has been shown to be very specific in the diagnosis of asthma defined by either 

current wheeze in children, or by the self reporting of symptoms or a doctor diagnosis of asthma in 

adults (54, 74, 84, 88, 231). In one epidemiological study (n=91 adults), the sensitivity and specificity 
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of HS (with 95 % confidence intervals(CI)) to identify a doctor diagnosis of current asthma was 39% 

(95% CI:21 -61)% and 90% (95%CI:80-96)% with a positive predictive value of 55% (95%CI:31-79)% 

(54). In another  cross sectional, epidemiological survey of 99 adults from the timber industry, the 

sensitivity and specificity of HS challenge to diagnose asthma defined by the question “ Have you 

ever had an attack of asthma” (IUAT Bronchial Symptoms Questionnaire,1986) was 57 % (95% CI: 

20-94%)and 86% (95% CI: 79-94%) respectively with a positive predictive value of 71% (84). Why is 

there a difference between the results obtained in this study and those described previously? There 

are several possible explanations. Firstly, that the differences noted amongst the studies may reflect 

varying disease prevalence, which ranged from 4.9 to 6.4% for a diagnostic label of asthma in the 

above studies. The prevalence for doctor diagnosed asthma was 12% in our population during the 

study period (22). Secondly, the sample size in this study (n=168) compared with previous larger 

studies, may have affected the outcomes. Unlike other community studies this cohort included slightly 

older participants who may have other co-existing respiratory disorders such as chronic bronchitis 

resulting in symptoms contributing to the low specificity and higher sensitivity of the challenge test. 

Furthermore, a selection bias may have occurred due to the 20% response rate for participation in 

this study. Thirdly, while this study followed the definitions for asthma described in previous adult 

epidemiological studies, the subjectivity of these definitions may have contributed to the documented 

low specificity(11). Finally, most of the epidemiological studies assessing the clinical utility of 

hypertonic saline challenge have been performed in children who may have a different physiological 

and inflammatory airway profile to adults.  

 

A positive hypertonic saline challenge test result was also noted in 48 (55%) of our subjects without  

SRRD asthma which may also have contributed to the poor discriminative properties of this test in our 

population (Table 4.5). Possible reasons for this include a high false positive rate (i.e. the occurrence 
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positive result when the disease state does not exist) due to the technical limitations of the test, and 

the cut off points used to define and interpret a positive result; the presence of asymptomatic airway 

hyper-responsiveness; under perception of symptoms; and the lack of a reference or gold standard 

definition for asthma. The saline challenge test is a well established clinical test performed at a variety 

of respiratory centres and with quality control and calibration measures in place, similar to spirometry, 

making high false positive rates unlikely. It is known that over 30 percent of the normal population 

have documented asymptomatic airway hyper-responsiveness on airway challenge tests, which may 

be a precursor of asthma (232, 233) and this may explain some of the positive HSAHR results. Some 

subjects may have under perceived and under reported their symptoms, potentially underestimating a 

diagnosis of asthma. This hypothesis  is  less plausible as  only 3 out of the 48 subjects (6.3%) with a 

positive saline challenge test but no SRRD asthma under perceived their dyspnoea in this study 

(methodology detailed in Chapter 3). Ultimately, the definition of SRRD asthma used as the reference 

standard may not be sufficiently discriminatory for a ‘true’ diagnosis of asthma, again fuelling the 

debate as to how best to define this disorder. 

 

In contrast, the measurement of eNO > 30 ppb in a community setting appears to be highly specific 

for a diagnosis of asthma defined by SRDD, wheeze, ESBDR and ESAHR. Furthermore, eNO 

measurements > 30 ppb demonstrate a potentially robust relationship (as reflected by the odds ratio, 

table 4.10) for asthma defined by SRDD and ESAHR. The findings are similar to another community 

based study where cut-off points of 50 ppb for eNO were associated with a high specificity (96%) but 

poor sensitivity for an inclusive diagnosis of asthma. An eNO cut-off levels of 20 ppb in the same 

study demonstrated moderate specificity (61%) and equivocal sensitivity (49%) (115) 
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These results, however, need to be interpreted with caution due to the limitations of small sample size 

and consequent borderline statistical significance, or non significant p values and the odds ratio 

values including 1. Sputum eosinophilia > 2% was also specific, but less so when compared with 

eNO, for asthma defined by SRDD, presence of wheeze, ESBDR or ESAHR. Sputum eosinophilia did 

not demonstrate an association (as reflected by the odds ratio) for SRDD, ESBDR or ESAHR, 

suggesting that it is not a useful marker in validating asthma defined by self report in community 

(Table 4.10)(161).  It differs from other hospital clinic based studies which have clearly demonstrated 

the utility of induced sputum examination in predicting a diagnosis of asthma based on symptoms 

combined with evidence of variable airflow obstruction (234, 235). The low diagnostic yield in this 

study again most likely reflects the heterogeneous nature of asthma in a community population when 

compared with the well defined sample of subjects with asthma seen in a hospital clinic.  

 

What do these findings mean? Given the number of variables assessed by logistic regression in this 

study, the significant associations may be due to chance alone. They may also reflect the variability 

encountered with patients’ (and their health practioners’) understanding of symptom definitions and 

perception of symptoms. Moreover, these results lend support to the argument that symptoms of 

asthma such as wheeze do not reflect airway inflammation (AI) directly and that additional measures 

of AI are required(31). For example, the use of eNO measurements and sputum eosinophil counts 

either alone or in combination in the diagnosis of asthma, over and above the traditionally used 

epidemiological definitions of self reported doctor diagnosis, detected up to a further 33% of cases in 

this study (Table 4.11).  
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Strengths of this study include the population based design, comprising of subjects with varying 

severity of asthma and those without asthma, a mixture of medications, and a range of investigations 

(HSAHR, sputum cell counts, and eNO) assessed both solely and in combination. This allows the 

results to be generalisable to the wider community and real life. Interestingly although 44% of our 

subjects with a diagnosis of asthma based on self report were on inhaled corticosteroids, compared 

with 15% in other studies such as Riedler and colleagues (88), the results obtained with HSAHR, eNO 

and sputum examination were similar with ICS use included. This finding is surprising given that these 

measures are known to be very responsive to ICS therapy (82, 236). One explanation is that only 34 

subjects in this study were on ICS; too small a number to affect overall results. Another explanation, 

well supported by the literature, is that compliance with regular ICS therapy in the community is poor 

(237-239).  

 

Possible limitations of this study which may have impacted on the results include the definition of 

asthma used to classify subjects, the age of the participants, the sample size and the measurement of 

BDR and HSAHR on different days. Asthma in this study was defined by self report of a doctor 

diagnosis and assessment of respiratory symptoms was made by questionnaire. While these methods 

are used routinely in epidemiological studies, they may have led to an under-reporting of associations 

between inflammatory markers and a diagnosis of asthma. Jenkins and colleagues, however, 

compared the validity of using questionnaire based definitions of asthma with or without an additional 

test of airway hyper-responsiveness against a gold standard of a respiratory physician diagnosis of 

asthma(54). They found that questionnaires showed excellent agreement (high sensitivity and 

specificity) with a physician diagnosis of asthma. Airway hyper-responsiveness alone or with 

questionnaire positivity resulted in high specificity but low sensitivity for a physician diagnosis of 
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asthma(54). Secondly, the average age of subjects with asthma in this population was 54 years which 

may confine interpretation of the study results to older adults with asthma.  

 

Exhaled nitric oxide measurements were not conducted on all subjects as this procedure was 

introduced during the study. This may have resulted in an insufficient sample size to detect significant 

change with these measurements.  The effects of limited sample size were also seen with the saline 

challenge test. While the NWAHS cohort comprises of 380 subjects with SRDD asthma, only 77 

(20%) agreed to participate in this study as it involved a saline challenge, and 18 enrolled subjects 

(10.7%) did not complete the saline challenge test for the reasons outlined in Figure 4.1. The NWAHS 

cohort is an ongoing community based study where maintaining subject participation and goodwill 

over many years is important. A higher than usual baseline FEV1, (<70% predicted) (102) below which 

the procedure was not performed was, therefore instituted in order to minimise severe symptoms 

which may have affected ongoing participation. Lastly, the temporal interval in BDR (< 3 months) and 

HSAHR measurements may have led to assumptions regarding the relationship between these 2 

variables that might be different if they had been performed within 24 hours of each other. The data 

therefore needs to be interpreted with these caveats in mind.  

 

In summary, this study has demonstrated for the first time that in the community: the prevalence of 

eosinophilic AI (>1%), measured by IS, approximates 30% in subjects with and without SRRD asthma 

with non eosinophilic (pauci-granulocytic) AI predominating. Secondly, that BDR is highly specific for 

a diagnosis of asthma defined by SRDD or ESAHR.  Thirdly, that measurement of eNO holds promise 

as a clinically useful tool in confirming a diagnosis of asthma, more so than induced sputum 

examination in the community, and larger epidemiological and randomised controlled studies are 
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required to explore this further. Increasingly as more simplified and economical eNO analysers 

become available, they may provide a viable alternative to spirometry with BDR to validate a clinical 

diagnosis of asthma in the adult community.  

 

How then should inflammatory markers and HSAHR be utilised in the community when the traditional 

definition of asthma based on episodic symptoms and variable airflow obstruction appears to be 

robust? This depends on the purpose of the test.  The results from this study suggest that HSAHR, 

eNO and induced sputum examination cannot be used independently to screen for, or to diagnose, 

asthma. Rather, they should be used to confirm a clinical suspicion of asthma based on symptoms 

.Unfortunately, our current findings suggest that HSAHR may not have a discriminative role in the 

diagnosis of asthma in the adult community. If a global assessment of the underlying AI is required, 

an eNO measurement is recommended initially, given its ease of use and specificity for the diagnosis 

of asthma both by self report, ESBDR and ESAHR. The strength of sputum examination lies in 

delineating the subtype of AI present which may be important in predicting therapy(31). This study 

reinforces the heterogeneity of asthma and the absence of a gold standard definition or test for 

asthma. Taken together, and with the increasing body of evidence suggesting non eosinophilic 

asthma is not responsive to corticosteroids(152), these findings endorse a multi-faceted tailored 

approach to asthma management that includes both an assessment of the airway inflammatory 

subtype and the clinical and physiological features of an individual.  
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        Figure 4.1: Study Profile  
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Table 4.1: Subject characteristics 

 

 SRRD: self reported doctor diagnosis of asthma;n:number; mean (standard deviation (SD));* based on 
NAC(2006) criteria; FEV1 : forced expiratory volume in 1 second; BD: bronchodilator; PD15: provocation 
dose resulting in a 15% fall in FEV1  from baseline;L : litres; mls: milliltres; %percent;< less than. 

 SRDD asthma no SRDD asthma           p value 

n= 168              77             91  

Male, n              27              47             0.02 

Age, years              54 (14)             58 (13)             0.05 

Atopy (one or more positive) ,n              53             49             0.04 

Inhaled steroid, n              34              0            < 0.001 

Long acting beta 2 agonist, n             18              0             <0.001 

Other medication, n               3              0             0.27 

Current smokers 

Ex smokers 

            12 

            30 

           12 

           27 

            0.7 

            0.2 

Asthma severity,* n  

Intermittent 

Mild persistent  

Moderate  

Severe 

Missing data 

 

            40 

             2 

            21 

           13 

             1 

  

Pre BDFEV1, L 

Pre BD FEV1 % predicted 

         2.6 (0.8) 

         91(15) 

         3.0 (0.9) 

        102 (17) 

          0.008 

         < 0.001 

Bronchodilator reversibility ,%          7.8 (8.3)          3.5 (3.2)           0.00 

PD15 mls geometric mean (SD)         10 (4.4)          25 (3.1)           0.001 
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Table 4.2: Frequency of AI based on induced sputum examination (n=134) and eNO 
levels (n=80) in subjects with and without SRDD asthma.  Subjects not on ICS*. 

 

 

Test 
     SRDD asthma 
          %, (n) 

   no SRDD  asthma 
          %, (n) 

            p value 

Eosinophils>1% 
       28% (17/60) 

       20% (7/35 )* 

      32% (24/74) 

 

            0.61 

            0.18* 

Eosinophils>2% 
      18.3% (11/60) 

      14 %   (5/35)* 
      20.1% (15/74) 

            0.78 

            0.45* 

Neutrophils>61% 
     11.7% (7/60) 

     11.4% (4/35)* 
      5.4% (4/74) 

            0.19 

            0.26* 

Paucigranulocytic 

Eo<1 and Neuts<61% 

      67% (40/60) 

      74% (26/35)* 

      63.5% (47/74)             0.70 

            0.26* 

eNO>19ppb 
      43.4% (10/23) 

      62%  ( 8/13)* 

     40.1% (23/57)            0.80 

           0.16* 

eNO> 30ppb 
     17.4%(4/23) 

     23% (3/13)* 

     7% (4/57)           0.16 

         0.08* 

SRRD: self reported doctor diagnosis of asthma; Eo : eosinophil count ; Neuts ; neutrophil count; 
eNO:exhaled nitric oxide; ppb: parts per billion;%:percent; (n) number of subjects 
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 Table 4.3: The relationship between the presence and frequency of wheeze 

 in last  3 months and SRDD asthma.  
 

 

 

 

 

 

 

 

 

SRRD: self reported doctor diagnosis of asthma; n:number 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Frequency of wheeze in last 3 months    SRDD asthma 
         n=77 

no SRDD  asthma 
         n=91 

Nil           24           56 

Occasionally           42            25  

Most days             9            2 

Other             2            8 
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Table 4.4: Sensitivity, specificity, positive and negative predictive value for 
bronchodilator reversibility in SRDD asthma , presence or absence of wheeze in last 
3 months and ESAHR.  
 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity        20.7%   
                       (12-32)   
  

Reversibility  + 16 0 
Specificity        100% 
                     ( 96-100) 
 

Reversibility - 61 88 
PPV                 100% 
                      (79-100) 
 

 
77 88 NPV                  59% 

                       (51-67) 
 

 wheeze 
n 

no wheeze 
n 

Sensitivity          14%  
                         (7-23)   
   

Reversibility + 12 4 
Specificity          95% 
                        (88-99) 
 

Reversibility - 74 75 
PPV                   75% 
                        (48-93) 
 

 86 79 NPV                   51% 
                        (42-58) 

 

 

SRRD: self reported doctor diagnosis of asthma; ESAHR: episodic symptoms and airway hyper-
responsiveness ; PPV: positive predictive value; NPV: negative predictive value; n: number of subjects; 
Sensitivity, specificity, PPV, NPV expressed as percentage (95% confidence interval). 

 ESAHR asthma 
n 

No ESAHR asthma 
n 

Sensitivity        12%   
                        (6-21) 
    

Reversibility + 11 1 
Specificity        96% 
                     (90-100) 
 

Reversibility - 78 54 
PPV                  92% 
                     (62-100) 
 

 89 55 NPV                  41%    
                       (33-49)   
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Table 4.5: Sensitivity, specificity, positive and negative predictive value for HSAHR in 
asthma defined by SRDD and presence or absence of wheeze in last 3 months. 
(Subjects not on ICS)  
 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity        73(63)%  
                        (60-83)  
  

HS AHR+ 46 (22) 48 (48) 
Specificity        45%  
                        (34-56) 
 

HS AHR - 17 (13) 39 (39) 
PPV                49(31)% 
                       (39- 60) 
 

 63 (35) 87 (87) 
NPV               70(75)% 

                  (56-81) 
 

 

 

 wheeze 
n 

no wheeze 
n 

Sensitivity        66(57)% 
                        (55-77) 
 

HS AHR+ 51 (31) 43 (39) 
Specificity        41(43)% 
                        (47-70) 
 

HS AHR - 26 (23) 30 (29) 
PPV                 54(44)% 
                        (44-65) 
 

 77(54) 73 (68) 
NPV                 54(56)% 
                        (40-67) 
 

SRRD: self reported doctor diagnosis of asthma; HSAHR: hypertonic saline  airway hyper-
responsiveness ; PPV: positive predictive value; NPV: negative predictive value; n: number of subjects ; 
ICS : inhaled corticosteroids. Sensitivity, specificity, PPV, NPV expressed as percentage (95% 
confidence  interval). Confidence intervals calculated for  all subjects only. 
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Table 4.6: Sensitivity, specificity, positive and negative predictive value for eNO  for 
asthma defined by (a) SRDD, (b) presence or absence of wheeze in last 3 months, (c) 
ESBDR and (d) ESAHR.(Subjects not on ICS). 

 
(a) SRDD asthma 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity     43.5(62)% 
                     (23-65)   
    

 
eNO >19ppb 

 
10 (8) 

 

 
23 (23) 

 

Specificity      60% 
                     (28-54) 
 

 
eNO < 19 ppb 13 (5) 34 (34) 

PPV              30(26)% 
                    (16-49) 
 

 
23 (13) 57 (57) NPV              72(87)% 

                     (58-84) 

 

 

 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity     17(23)% 
                      (5-39) 
 

eNO > 30ppb 4 (3) 4(4) 
Specificity     93% 
                     (83-98) 
 

eNO < 30ppb 19 (10) 53(53) 
PPV              50(43)% 
                     (16-84) 
 

 
23 (13) 57(57) NPV             74(84)%  

                    (62-83) 
 

Total number of subjects  with exhaled nitric oxide readings performed in this thesis: n=80;eNO:  exhaled nitric 
oxide;  ppb: parts per billion; % : percent; Sensitivity, specificity, PPV, NPV expressed as percentage (95% 
confidence interval). 
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(b) Presence or absence of wheeze in last 3 months (Subjects not on ICS). 

 

 wheeze 
n 

no wheeze 
n 

Sensitivity         44(52)% 
                         (26-62) 
 

eNO >19ppb 14 (13) 19 (18) 
Specificity         60(69)% 
                         (45-74) 
 

eNO < 19 ppb 18 (12) 29 (27) 
PPV                  42% 
                         (26-60) 
 

 
 
 

32 (25) 48 (45) NPV                 61(69)% 
                        (46-76) 

 

 

 

 wheeze 
n 

no wheeze 
n 

Sensitivity         3(4)% 
                        (0.08-16) 
 

eNO > 30ppb 1 7 (6) 
Specificity        85(87)% 
                        (72-94) 
 

eNO < 30 ppb 31 (24) 41 (39) 
PPV                13(14)% 
                        (0.3-53) 
 

 32 (25) 48 (45) NPV                57(62)% 
                       (15-69) 

 
eNO:  exhaled nitric oxide;  ppb:parts per billion; % : percent; Sensitivity, specificity, PPV, NPV 
expressed as percentage (95% confidence interval). 
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(c ) ESBDR  asthma (Subjects not on ICS). 

 

 ESBDR asthma 
n 

no ESBDR asthma 
n 

Sensitivity      75(100)% 
                      (19-99) 
 

eNO >19ppb 3 (2) 30 (29) 
Specificity      59(57)% 
                      (47-71) 
 

eNO < 19 ppb 1(0) 44 (38) 
PPV                9 (6)% 
                       (2-24) 
 

 4(2) 74 (67) NPV               98(100)% 
                      88-100) 

 

 

 

  ESBDR asthma 
n 

no ESBDR asthma 
n 

Sensitivity       25(50)%  
                       (0.6-81)   
    

eNO >30ppb 1 7 (6) 
Specificity       91(91)% 
                       (4-19) 
 

eNO < 30 ppb 3(1) 67 (61) 
PPV                13(14)% 
                        (0.3-53) 
 

 4(2) 74 (67) NPV                 96(98)% 
                        (82-96) 

 

ESBDR: episodic symptoms and bronchodilator  reversibility; eNO:  exhaled nitric oxide;  ppb:parts per 
billion; % : percent; Sensitivity, specificity, PPV, NPV expressed as percentage (95% confidence interval). 
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(d) ESAHR asthma (Subjects not on ICS). 

 
 
  
 
 

ESAHR asthma 
n 

no ESAHR asthma 
n 

Sensitivity       45(53)% 
                       (30-61) 

eNO >19ppb 20 (19) 10 (10) 
Specificity       64% 
                       (19-56) 
 

eNO < 19 ppb 24 (17) 18 (18) 
PPV                66% 
                       (47-83) 
 

 44 (36) 28 (28) NPV               43(51)% 
                      (24-54) 

 

 

 

 ESAHR asthma 
n 

no ESAHR asthma 
n 

Sensitivity     16(17)% 
                      (7-30) 
 

eNO > 30ppb 7 (6) 1 (1) 
Specificity     96% 
                     (82-100) 
 

eNO < 30 ppb 37 (30) 27 (27) 
PPV              88(75)% 
                      (47-98) 
 

 44 (36) 28 (28) NPV               42% 
                     (30-55) 

 

ESAHR: episodic symptoms and airway hyper-responsiveness; eNO:  exhaled nitric oxide;  ppb: parts per 
billion; % : percent; Sensitivity, specificity, PPV, NPV expressed as percentage (95% confidence interval). 
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Table 4.7: Sensitivity, specificity, positive and negative predictive value for eNO  for 
HSAHR alone.(Subjects not on ICS). 
 

 HSAHR 
n 

no HSAHR 
n 

Sensitivity        45(51)% 
                        (30-60) 
 

eNO >19ppb 21 (20) 10 (10) 
Specificity        63% 
                        (42-81) 
 

eNO < 19 ppb 26 (19) 17 (17) 
PPV                68(67)% 
                       (49-83) 
 

 47 (39) 27 (27) NPV                40(47)% 
                       (25-56) 

 

 

 

 HSAHR 
n 

no HSAHR 
n 

Sensitivity         15(13)% 
                          (6-28) 
 

eNO > 30ppb 7 (6) 1(1) Specificity         96% 
                         (81-100) 
 

eNO < 30 ppb 40 (33) 26 (26) PPV                 88(86)% 
                        (47-98) 
 

 47 (39) 27 (27) NPV                 39(44)% 
                        (28-52) 

 

HSAHR: hypertonic saline airway hyper-responsiveness ;  eNO:exhaled nitric oxide; PPV: positive 
predictive value; NPV: negative predictive value ; n: number of subjects ; %: percent; ICS : inhaled 
corticosteroids. Sensitivity, specificity, PPV, NPV expressed as percentage (95% confidence interval ).
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Table 4.8: Sensitivity, specificity, positive and negative predictive value for sputum 

eosinophilia in asthma defined by (a) SRDD, (b) presence or absence of wheeze in 

last 3 months, (c) ESBDR and (d) ESAHR. (Subjects not on ICS). 

 
 

(a) SRDD asthma 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity      28(20)% 
                      (17-41) 
 

Eo >1% 17 (7) 24 (24) 
Specificity      68(68)% 
                      (22-44) 
 

Eo <1% 43 (28) 50 (50) 
PPV              41(23)% 
                     (26-58) 
 

 60 (35) 74 (74) NPV              54(64)% 
                     (43-64) 

 

 

 

 SRDD asthma 
n 

no SRDD  asthma 
n 

Sensitivity      18(14)%  
                      (10-30)   
  

Eo>2% 11 (5) 15 (15) 
Specificity       80% 
                       (69-88) 
 

Eo<2% 49 (30) 59 (59) 
PPV               42(25)% 
                      (23-63) 
 

 60 (35) 74 (74) NPV               55(66)% 
                      (45-64) 

 

SRRD: self reported doctor diagnosis  of  asthma; Eo: eosinophil count;  Sensitivity, specificity, PPV, NPV 
expressed as percentage (95% confidence interval). 
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(b) presence or absence of wheeze in last 3 months (Subjects not on ICS). 

 

 wheeze 
n 

no wheeze 
n 

Sensitivity      25(18)%  
                      (16-37) 
 

Eo >1% 18 (9) 23 (22) 
Specificity      63% 
                      (50-75) 
 

Eo <1% 53 (40) 40 (38) 
PPV              44(29)% 
                     (29-60) 
 

 71 (49) 63 (60) NPV              43(48)% 
                     (33-54) 

 

 

 

   

 Eo: eosinophil count; Sensitivity, specificity, PPV, NPV expressed as percentage  

(95% confidence interval). 

  

 wheeze 
n 

no wheeze 
n 

Sensitivity     17 (12)%  
                      (10-28) 
    

Eo >2% 12 (6) 14 (14) 
Specificity     78 (77)% 
                     (70-91) 
 

Eo <2% 59 (43) 49 (46) 
PPV              46 (30)%  
                     (27-67)  
      

 71 (49) 63 (60) NPV             45(52)%   
                    (36-55)       
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(c ) ESBDR asthma. (Subjects not on ICS). 

 

 ESBDR asthma 
n 

no ESBDR asthma 
n 

Sensitivity      36(14)%  
                      (13-65)  
     

Eo>1% 5(1) 36(30) 
Specificity      70(70)% 
                      (62-78) 
 

Eo<1% 9(6) 82(71) 
PPV               12(3)% 
                      (4-26) 
 

 14(7) 118(101) NPV               90(92)% 
                      (82-95) 

 

 

 

 ESBDR asthma 
n 

no ESBDR asthma 
n 

Sensitivity     21(#)% 
                     (5-51)   
  

Eo>2% 3(0) 23 (20) 
Specificity     81(80)% 
                     (73-88) 
 

Eo<2% 11(7) 95 (81) 
PPV             12(#)% 
                     (3-30) 
 

 14(7) 118 (101) NPV             90(92)% 
                    (84-95) 

 

ESBDR: episodic symptoms and bronchodilator reversibility; Eo: eosinophil count; Sensitivity,  

specificity, PPV, NPV expressed as percentage (95% confidence interval); #: unable to calculate. 
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 (d) ESAHR asthma. (Subjects not on ICS). 

 

 ESAHR asthma 
n 

no ESAHR asthma 
n 

Sensitivity        29% 
                        (20-41) 
 

Eo>1% 23(17) 17 (14) 
Specificity       61(66)% 
                       (46-76) 
 

Eo<1% 55 (41) 27 ( 27) 
PPV                58(55)% 
                       (41-73) 
 

 78 (58) 44 (41) NPV               33(40)% 
                      (23-44) 

 

 

 

 ESAHR asthma 
n 

no ESAHR asthma 
n 

Sensitivity       22%   
                       (13-33)  
 

Eo>2% 17 (13) 8 (7) 
Specificity       82(83)% 
                       (67-92) 
 

Eo<2% 61 (45) 36 (34) 
PPV                68(65)% 
                       (47-85) 
 

 78 (58) 44 (41) NPV                37(43)% 
                       (28-48) 

 

ESAHR: episodic symptoms and airway hyper-responsiveness Eo: eosinophil count; Sensitivity,  

specificity, PPV, NPV expressed as percentage (95% confidence interval).  
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Table 4.9: Sensitivity, specificity, positive and negative predictive value for sputum 
eosinophilia  for HSAHR alone. (Subjects not on ICS). 
 
 
 
 

 HSAHR 
n 

no HSAHR 
n 

Sensitivity      29(28)%  
                      (20-40) 
   

Eo>1% 24 (17) 15 (13) 
Specificity     65(68)% 
                     (49-79) 
 

Eo<1% 68 (44) 28 (27) 
PPV              62(57)% 
                     (45-77) 
 

 82 (61) 43 (40) NPV              33(38)% 
                     (20-39) 

 

 

 

 HSAHR no HSAHR Sensitivity      22(21)% 
                      (14-33)   
   

Eo>2% 18 (13) 6 (6) 
Specificity      86(85)% 
                      (77-98) 
 

Eo<2% 64 (48) 37 (34) 
PPV              75(68)% 
                     (53-90) 
 

 82 (61) 43 (40) NPV              37(41)% 
                     (27-46) 

 

HSAHR: hypertonic saline  airway hyper-responsiveness ; Eo: eosinophil count;  PPV: positive predictive 
value; NPV: negative predictive value ; n: number of subjects; % : percent; ICS: inhaled corticosteroids. 
Sensitivity, specificity, PPV, NPV expressed as percentage (95% confidence interval ). 
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Table 4.10: Associations between asthma defined by (a) SRDD and presence or 
absence of wheeze in last 3 months and physiological and inflammatory  markers 
expressed as Odds ratio (OR) (95% Confidence Interval (CI)); Subjects not on ICS.  
 

                           SRDD asthma   

OR on ICS                                OR not on ICS 

        p value 

ICS            no  ICS 

Wheeze  3.5 (1.9-6.7)                               2.0 ( 0.97-4.2) 0.00              0.06 

BDR 22 (3.9-119)                               20 (2.4-166) 0.003            0.005 

HSAHR 2.3 (1.1-4.6)                               1.5 (0.66-3.2) 0.02              0.35 

Eosinophilia>1% 0.8 (0.39-1.7)                             0.52 (0.2-1.3) 0.6                0.2 

Eosinophilia>2% 0.9( 0.37-2.1)                             0.7 (0.2-1.9) 0.8                0.5  

eNO >19ppb 1.1(0.42-3.0)                              2.4 (0.71-7.8) 0.8                0.16 

eNO>30ppb 2.8(0.6-12.3)                              4.0 (0.9-18.6) 0.18              0.08 

 
                 Wheeze in last 3 months  

 

BDR 3.0 (0.94- 9.9)                            1.7 (0.42-6.4) 0.06              0.47 

HSAHR 1.4 (0.7-2.7)                               1.0 (0.49-2.1)  0.35              0.99 

Eosinophilia>1% 0.6( 0.28-1.2)                             0.38 (0.16-0.95)   0.16              0.04 

Eosinophilia>2% 0.7 (0.3-1.7)                               0.46 (0.2-1.3) 0.44              0.14 

eNO >19ppb 1.2 ( 0.5-2.9)                              1.6 (0.6- 4.3) 0.71              0.33 

eNO>30ppb 0.2( 0.02-1.6)                             0.3 (0.03- 2.4) 0.13              0.2 

 

SRRD: self reported doctor diagnosis of asthma; BDR: bronchodilator  reversibility; ESBDR: episodic 
symptoms and bronchodilator reversibility; ESAHR: episodic symptoms and airway hyper-
responsiveness; HSAHR: hypertonic saline  airway hyper-responsiveness ; Eo: eosinophil count; 
eNO:exhaled nitric oxide; ICS: inhaled corticosteroids. 
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 Associations  between asthma defined by  (b) ESBDR and ESAHR  and physiological 
and inflammatory makers expressed as Odds ratio (OR) (95% Confidence 
Interval(CI)); Subjects not on ICS . 
  

 
 

                            ESBDR 
OR on ICS                                OR not on ICS 

         p value  

ICS           no  ICS 

Eosinophilia>1% 1.3(0.4-4.0)                               0.4(0.05-3.4) 0.69             0.40 

Eosinophilia>2% 1.1 (0.29-4.4)                            # 0.86              # 

eNO >19ppb 4.4 (0.44-4.4)                            # 0.21              # 

eNO>30ppb 3.2(0.29-34.9)                           10.7(0.56-184) 0.34            0.12 

 
                              ESAHR  

BDR 3.5 (1.0 -13)                              2.1(0.5- 8.8)  0.05            0.30 

Eosinophilia>1% 0.9(0.4-2.0)                               1.1(0.5- 2.5) 0.86            0.83 

Eosinophilia>2% 1.7 (0.7-4.2)                              1.8 (0. 7- 5.0) 0.27            0.25 

eNO >19ppb 1.5 (0.6-3.8)                              2.2 (0.8- 5.4) 0.35            0.14 

eNO>30ppb 6.0 (0.7-50)                               6.6 (0.8 -58) 0.09            0.08 

 

SRRD: self reported doctor diagnosis of asthma; BDR: bronchodilator  reversibility; ESBDR: episodic 
symptoms and bronchodilator reversibility; ESAHR: episodic symptoms and airway hyper-
responsiveness; HSAHR: hypertonic saline  airway hyper-responsiveness ; Eo: eosinophil count;  
eNO:exhaled nitric oxide;# unable to calculate due to small sample; ICS: inhaled corticosteroids. 
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Table 4.11. Demonstrates the additional number of subjects identified if asthma  is 
defined by AI (raised eosinophil count and/or raised eNO) plus SRDD in the 168 
particpants. 
 

 

Eo: eosinophil count;  eNO:exhaled nitric oxide; SRRD: self reported doctor diagnosis of asthma; 
HSAHR: hypertonic saline  airway hyper-responsiveness ; ICS: inhaled corticosteroids; %;percent; ICS: 
inhaled corticosteroids. 

  

Additional number of subjects identified over and above SRDD asthma 
 

                                                   on ICS                           not on ICS  
eNO>19ppb    23/80 (29%)                       23/70 (33%)                  

eNO> 30ppb      4/80 (5%)                           4/70 (5.7%) 

eosinophil>1%    24/134 (18%)                     24/109 (22%)   

eosinophil>2%   15/134 (11%)                     15/109 (14%) 

eNO>19ppb + eosinophil>1%    3/119 (2.5%)                     3/100 (3%) 

eNO>19ppb + eosinophil>2%    2/126 (1.6%)                     2/104 (1.9%) 

eNO> 30ppb + eosinophil>1%    1/118 (0.8%)                     1/101 (1%) 

eNO> 30ppb + eosinophil>2%   1/133 (0.8%)                    1/111 (0.9%) 
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Table 4.12. Demonstrates the number of subjects with and without asthma 
depending on the  definition used ( SRDD, ESBDR or ESAHR), when compared  to  the 
“global definition” used in real life which defines  asthma  in all of  the above ways 
(n=163) . 

 

 

  Definition   Asthma   no asthma   Total 
  SRDD or ESBDR or ESAHR   114 49   163 

  SRDD   77 86   163 

  ESBDR   16 144   160* 

  ESAHR   89 55   144 

 

Total enrolled =168: 6 subjects had insufficient data to classify them clearly into asthma or no 
asthma groups based on ESAHR result and were removed from the analysis, therefore total 
n=163; * BDR data unavailable n=3; SRRD: self reported doctor diagnosis of asthma; ESBDR: 
episodic symptoms and bronchodilator reversibility; ESAHR: episodic symptoms and airway hyper-
responsiveness .  
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CHAPTER 5 

 
Perception of breathlessness associated 
with airway hyper-responsiveness: its 
relationship with clinical, inflammatory, 
psychosocial and economic variables 
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5.0 Introduction 
 

While asthma is characterised by episodic symptoms of breathlessness (or dyspnoea), chest tightness 

and wheeze, perception of these symptoms remains subjective. Perception of breathlessness (POD), 

varies widely amongst individuals with asthma and does not always correlate with objective tests of 

airway obstruction. Some experience significant breathlessness with mild airway obstruction while 

others complain of minimal or no breathlessness with severe airway obstruction. Rubinfeld and Pain 

have demonstrated that while worsening airway function is associated with an increased perception of 

dyspnoea as a protective mechanism(240), up to 15% of subjects may under perceive their 

asthma(170). The reasons for impaired POD in asthma are multi-factorial and not fully explained to 

date(173). They are discussed in Chapter 2. Poor perception of dyspnoea may lead to under treatment 

(53) and is a clear predictor of severe or near fatal asthma (216, 241, 242). Thus it is important to 

identify those individuals, or characteristics, that are associated with blunted POD and to ensure safety 

measures with objective testing such as regular peak expiratory flow monitoring or spirometry are in 

place.  

 

Perception of breathlessness is assessed by scales that are reliable, repeatable and valid. These 

include the Visual Analogue Scale, modified BORG scale, Baseline Dyspnoea Index (BDI), Asthma 

related quality of life (HRQOL) and Medical Research Council (MRC) dyspnoea scale. These scales 

correlate with each other significantly (r=0.77 to 0.85; p<0.05)(243) and with physiological variables of 

lung function(243).  
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In this study we examine firstly, the factors that might affect POD in a community sample of subjects 

with asthma defined by episodic symptoms and AHR (ESAHR), and secondly, the relationship between 

POD and AI evaluated by induced sputum examination and eNO.  

 

5.1 Materials and methods 
 

Study Design   

This was a cross-sectional population based study.  

Subjects  

Eighty nine subjects with asthma defined by episodic symptoms and a positive test of airway hyper- 

responsiveness(ESAHR), characterised by a fall in FEV1 of >15% from baseline to hypertonic saline, 

were enrolled in this study. They were assessed at a single visit with a clinical questionnaire, a quality of 

life questionnaire (SF 36), height and weight measurements to calculate body mass index (BMI), 

spirometry and a hypertonic saline challenge test with a visual analogue scale at the beginning and at 

the end of the challenge to assess perception of dyspnoea (POD). A sample of sputum was induced 

concurrently with the hypertonic saline challenge test.  

Methods 

The materials and methods used in this study are described in Chapter 3. 
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5.2 Statistical analysis  
 

Descriptive statistics were used to summarise the clinical characteristics of the participants. Normally 

distributed data were expressed using arithmetic mean and standard deviations (SD) and non-normal 

distributed data (sputum total cell count and eosinophil count) as median and interquartile range (IQR) 

or range. Correlations were expressed with the Pearson’s correlation coefficient for normally 

distributed data, and the Spearman’s correlation coefficient for data that was not normally distributed. 

Differences between the 3 groups (hypoperceivers, normal perceivers and hyperperceivers) were 

determined using an analysis of variance (ANOVA) for normally distributed and log transformed data 

where possible, or the Kruskal Wallis test for data that was not normally distributed. The relationship 

between body mass index (BMI) and inflammatory markers was explored by using BMI as a covariate 

in the ANOVA analysis. Categorical data were analysed using a Chi square test. Significance was 

accepted at a p of < 0.05.  Statistical analysis was performed with SPSS Windows ® Version 10.0 

(SPSS Inc., Chicago, IL).  

 

 

5.3 Results 
 

Subject demographics are outlined in Table 5.1. Subjects had a mean(SD) age of 54(14) years and a 

mean(SD) FEV1 of 91(13) % predicted. Most were atopic, and had mild to moderate severity asthma 

based on National Asthma Council of Australia guidelines(8). Twenty seven percent were on inhaled 

corticosteroids with a mean (SD) fluticasone dose of 574 (314) micrograms per day. 
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Visual analogue scale scores were normally distributed in this population (Figure 5.1). Perception of 

dyspnoea correlated positively with asthma severity, fall in FEV1 and BMI and inversely with airway 

hyper- responsiveness as measured by PD15 (i.e. greater the airway responsiveness, greater the 

POD) (Table 5.2). It also correlated strongly with a doctor diagnosis of depression, reduced social 

contact and emotional health as measured by the SF 36 Quality of Life Questionnaire and poor 

income (Table 5.2). A significant relationship was not noted, in this cohort, between POD and markers 

of airway inflammation. 

 

Subjects were then classified into hypoperceivers, hyperperceivers and normal perceivers. Subject 

characteristics are described in Table 5.3(a). Age, gender distribution and BMI were similar among 

hypo, hyper, and normal perceivers. All had similar baseline FEV1, percent predicted.  Normal 

perceivers and hyperperceivers had a similar degree of airway responsiveness (PD15) with hypertonic 

saline. Hypoperceivers, in contrast, had significantly less airway responsiveness (PD15) compared 

with the other 2 groups. Average daily inhaled corticosteroid dose was higher in hyperperceivers than 

normal or hypoperceivers (p=0.07).  Hyperperceivers had significantly lower social functioning scores 

based on the SF-36 QOL questionnaire (mean(SD):68(32) versus 87(20) in normals and 86(21) 

hypoperceivers; p=0.03. They also had a higher than expected number of subjects diagnosed with 

depression compared with the 2 other groups(Table 5.3 (a)). Sputum cell counts, apart from columnar 

epithelial cells, and eNO measurements were similar amongst all 3 groups (Table 5.3(b)), and 

remained similar amongst groups when adjusted for BMI as a covariate. Columnar cells were 

significantly higher in hyperperceivers compared with normal perceivers. 
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5.4 Discussion 
 

This study has demonstrated that in a community setting, factors associated with increased POD 

during induced bronchoconstriction in subjects with ESAHR asthma include underlying asthma 

severity, the magnitude of fall in FEV1 during the challenge, degree of hyper responsiveness (PD15), 

increased BMI, doctor diagnosed depression, reduced social functioning and emotional health and 

poor household income. 

 

Furthermore, when subjects were divided into hypoperceivers, hyperperceivers and normal 

perceivers, all groups were similar for age, gender, and baseline FEV1 similar to Boulet’s study(53). 

Normal perceivers were the predominant group in this study, contributing to 77% of the study 

population. Fifteen percent overestimated the severity of bronchoconstriction (hyperperceivers) while 

eight percent of subjects underestimated the severity of bronchoconstriction (hypoperceivers).These 

findings are echoed in hospital based studies (53, 216) and in another community based study where 

a histamine challenge was performed in 412 randomly selected subjects (244) and most subjects with 

dyspnoea and airway hyper-responsiveness perceived increasing airway narrowing accurately. The 

results also confirm more worrying results from earlier studies suggesting that up to 15% of subjects 

from the community under- perceive dyspnoea associated with their asthma(170), and that 13% to 

30%(216, 217) of subjects have reduced POD to induced bronchoconstriction in asthma. 

Hyperperceivers used higher doses of ICS compared with normal perceivers (mean (SD):780(303) vs 

490(350) μg/day; p=0.07) for the same degree of fall in FEV1 during the bronchial challenge. 

Hypoperceivers, disturbingly, were not on any ICS. This may, in part, reflect the milder nature of their 

asthma in addition to poor symptom perception, compared with hyperperceivers, of whom almost 50% 

had more severe asthma based on NAC (2006) guidelines (Table 5.3(a)). There is also a possibility 
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that poor perception of symptoms feeds into poor decision making with respect to medication use in 

the absence of other markers of asthma control such as spirometry or eNO.  

 

This study has demonstrated that psychosocial and economic factors, namely lower household 

income, depression and conceivably reduced social contact are associated with an increased POD in 

subjects with ESAHR. The latter two associations are most strongly noted in the hyperperceiver 

group. Martinez-Moragon and colleagues demonstrated similar results in 153 subjects recruited from 

outpatient clinics with asthma defined by spirometric criteria (243). Subjects were asked to grade their 

functional level of dyspnoea using 3 different scales (modified Borg, BDI and MRC dypnoea scales), 

and to complete a demographic and clinical questionnaire. Multiple regression analysis demonstrated 

that increasing age, reduced FEV1 and depression were independent factors in determining dyspnoea 

scores. In addition to these factors, poorer quality of life, lower economic status and lower educational 

levels also correlated significantly with dyspnoea(243). These studies extend previous information 

highlighting the importance of social and economic factors in the development and persistence of 

asthma (245). Postulated mechanisms for the association between psychosocial and economic 

factors and increased POD include anxiety, stress, and poorer compliance with optimum 

management and treatment plans for a variety of reasons; all of which require further evaluation. 

 

A relationship between inflammatory markers measured by sputum cell counts and eNO and POD 

was not demonstrated in our subjects. This differs from previous studies(42, 43, 172), and may reflect 

subject selection from a heterogeneous community and the possibility of an insufficiently large sample 

size to detect significant associations in subjects with mild to moderate, stable asthma. They are, 

however, supported by the studies of Salome and colleagues who found no correlation between POD 
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and sputum or blood eosinophils, or eNO in subjects with asthma on or off budesonide, during a 

controlled steroid withdrawal trial and induced exacerbation(246).  The significance of the increased 

columnar cells in hyperperceivers is of questionable clinical significance, and may be due to chance 

alone, as the remaining inflammatory variables were similar in all groups. A possible explanation 

could be the fragility of airway epithelium in undertreated asthma. This raises the possibility that 

sputum columnar cells could be a marker of poorly controlled asthma or undertreated asthma. This 

aspect of sputum cellular content needs to be further examined, and if verified, could be a useful 

marker in identifying a subset of patients with asthma. 

 

It is uncertain if hypertonic saline, the agent chosen to induce bronchoconstriction in this study, may 

have affected the POD. Previous studies have demonstrated that other bronchoconstricting agents 

such as histamine, methacholine, sodium  metabisulfite, bradykinin and adenosine phosphate can 

influence POD (172, 247, 248). For example, Tetzalf and colleagues found that  significantly more 

symptoms and a higher degree of symptom intensity were reported with histamine compared with 

methacholine(248). 

 

A correlation between BMI and POD was demonstrated in this study, similar to a previous study 

where BMI was a significant predictor of dyspnoea(41).  A relationship was, however, not shown 

between BMI and eNO or sputum cell counts. These latter findings lend support to the studies  by 

Todd and colleagues(249), van Veen and colleagues (250) Sutherland and colleagues (251) and 

others (252)demonstrating no association between BMI and airway inflammation assessed by sputum 

cell counts and eNO in subjects with asthma.  
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The strength of the relationship between the clinical and inflammatory markers and POD outlined in 

Table 5.2 is weaker than that noted in some studies (42, 43). Int’Veen and colleagues, for example, 

demonstrated a correlation(r) between POD (measured by VAS) and sputum eosinophils in severe 

asthma of r=-0.37, p=0.049, and in mild asthma r=0.67, p=0.05(42). Jang and colleagues 

demonstrated a correlation between POD and FEV1/FVC ratio of -0.53, p<0.01, and POD and sputum 

eosinophils of r=0.7, p=0.01(43). The findings in our study are similar to others (41) (53) and again 

are likely reflect the unselected, heterogeneous nature of the study population.  

 

Limitations of this study include the cross-sectional rather than longitudinal design, which if 

performed, would have added statistical power to our findings. A longitudinal study would have 

permitted an assessment of the constancy or repeatability of POD in asthmatics over time, an area 

which requires more research. Martinez- Moraagon and colleagues  recently demonstrated that in 22 

stable subjects with asthma, classified as hyperperceivers in a study 9 years earlier, repeating the 

histamine challenge, assessing their level of anxiety, and POD using the Borg scale, that most 

hyperperceivers (64%) remained unchanged in their POD(253). In addition POD was related to 

anxiety. The poor response rate, 20% for those diagnosed with asthma, from the NWAHS study, 

could have also resulted in selection bias, possibly limiting the generalisability of these results to the 

wider community. A larger sample size in future would allow a more comprehensive assessment of 

factors contributing to POD in subjects on and off corticosteroids, and in those subjects classified as 

hypo and hyper perceivers.  

 

In conclusion, this study has demonstrated that in a community based sample of subjects with 

ESAHR, POD alone is related to physiological, socioeconomic and psychological variables. Airway 
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inflammation measured by eNO or sputum cell counts was not a contributing factor. Of concern, this 

study confirms that a percentage of subjects with asthma under perceive the severity of their airway 

hyper-responsiveness, suggesting that measures need to be in place in the community to detect and 

monitor poor perceivers.  A significant proportion of subjects also over perceive their symptoms and 

may require special attention to minimise excessive medication use. From a practical perspective, 

raising the awareness of the characteristics associated with breathlessness in asthma and in under 

and over perceivers, may enable medical practitioners to better manage their patients’ health. 
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    Table 5.1: Baseline characteristics subjects with asthma defined by ESAHR . 

  

Mean (SD);# National Australian Asthma Council (2006)guidelines. ESAHR: episodic symptoms and 
airway hyper-responsiveness; n: number of subjects; FEV1: forced expiratory volume in 1 second; L 
litres; % : percentage;PD15: provocation dose resulting in a 15% fall from baseline; SD: standard 
deviation; μg : micrograms 

   Subjects , n 89  

  Male, n 41 

  Age, years 54(14) 

  Atopy (one or more positive),n 56 

  Inhaled steroid, n 

  Inhaled steroid fluticasone equivalent, μg/day 

24 

574 (314) 

  Long acting beta 2 agonist, n 18 

  Current smokers 

  Ex smokers 

14 

26 

  Pre BDFEV1, L 

  Pre BD FEV1 % predicted 

   2.8 (0.75) 

91 (13) 

  PD15 mls geometric mean (SD) 8.7 ( 3.0) 

  Asthma severity #, n   

  Intermittent 

  Mild persistent  

  Moderate  

  Severe 

59 

2 

21 

5 

                   ( 2 unable to categorise) 
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Figure 5.1: Distribution of Δ VAS readings for subjects (n=89) at 15% fall in FEV1 
(PD15) with hypertonic saline challenge test. 

 

 

Mean (SD) Δ VAS: 13.5(13.3) 

 

n: number of subjects; Δ VAS: change in Visual Analogue Score from baseline ; FEV1: 
forced expiratory volume in 1 second; PD15: provocation dose resulting in a 15% fall in 
FEV1 from baseline.
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Table 5.2: Correlation(r) between VAS, clinical, psychosocial and 

 economic and inflammatory markers 

Clinical 
 
 

                     Δ VAS 

                 r                     n 

Asthma severity 0.21,              87* 

Fall in FEV1, %  0.34,               89** 

PD15              -0.21,                89* 

BMI               0.21,                87* 

Psychosocial and Economic 

Doctor diagnosed depression               0.21                 85* 

SF-36 social functioning              -0.24,                88* 

SF-36  role -emotional              -0.22                 88* 

Annual gross household income             -0.21,                 88* 

Inflammatory 

Total Cell Count x 106/mL             0.05,                  83 

Eosinophil,%             0.13,                  78 

Neutrophil,%            -0.13                   78 

Macrophage,%             0.09                   83 

Lymphocyte,%             0.01                   78 

eNO            -0.07,                  44 
*p < 0.05; ** p< 0.01; r: correlation coefficient; n: number of subjects; Δ VAS : change 

in Visual Analogue Score from baseline ; FEV1: forced expiratory volume in 1 second; 

PD15: provocation dose resulting in a 15% fall in FEV1 from baseline ;  

BMI: body mass index; SF-36: generic Quality of Life Questionnaire ;  

eNO: exhaled nitric oxide;%: percentage 
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Table 5.3: (a) Subject characteristics and (b) inflammatory markers in 
hypoperceivers, normal perceivers and hyperperceivers with ESAHR asthma. 

 
(a) Subject characteristics 

 Hypoperceivers 

       n=7 

Normal perceivers 

     n=69 

Hyperperceivers 

      n=13 

    p value 

Age        50 (18)       56 (13)       49 (12)      0.12 

Gender, male       15       44        5      0.34 

BMI      27( 5.6)       28 (5)      30 (6.1)      0.31 

Atopy,n (>1 positive)      2       43      11      0.35 

Smoking history , 

pack years   

    13 (22)       9 (14)      10 (13)      0.78 

Doctor diagnosed  

depression 

    1* 

   (0.8)** 

      4* 

     (7.6)** 

      5* 

     (1.5)** 

     0.04 

SF-36 social functioning 

SF-36  role -emotional 

    86 (21) 

   100 (0) 

     87(20) 

     87(30) 

     68(32) 

     74 (41) 

    0.03 ‡ 

    0.19 

ICS , n     0      15      9     0.002 

ICS, μcg/day 

fluticasone equivalent*  

    0 (0)      490(350)      780(303)     0.07 

LABA , n    2      11      5     0.02 

FEV1,L    2.9 (0.8)      2.8 (0.75)      2.8(0.78)     0.81 

FEV1, % predicted     91(3.5)      91 (14)      89(11.5)     0.95 

Δ VAS     -0.73(3.7)      9.4 (7.0)      37.8 (11)     0.000Ω 

PD15 mls #    20 (1.3)      8.1 (3.2)      7.8 (2.3)     0.000∞ 

Asthma severity, n   

Intermittent 

Mild persistent  

Moderate  

Severe 

 

 

   7 

 

 

      47 

     16 

      4 

 

 

    7 

    5 

    1 

 

 

   0.32 
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(b) Sputum cell counts and eNO 

 

                          

Table (a): Mean (SD); *ICS (inhaled corticosteroid dose): expressed as fluticasone (F) equivalent with the 
following conversion ratios : F: budesonide ratio 2:1; F:beclomethasone ratio: 1:1. * observed count; ** 
expected count; ‡ significance noted between hyperperceivers vs normal/hypoperceivers; Ω significance 
noted amongst all 3 groups;∞ significance noted between hypoperceivers and normal/hyperperceivers; 
ESAHR: episodic symptoms and airway hyper-responsiveness; n: number of subjects ;BMI: body mass 
index; SF-36: generic Quality of Life Questionnaire(0 worst, 100 best) ; LABA: long acting beta 2 agonist; 
FEV1: forced expiratory volume in 1 second;PD15: provocation dose resulting in a 15% fall in FEV1 from 
baseline ; # : geometric mean (SD)Δ VAS : change in Visual Analogue Score from baseline ; %: 
percentage; L; litres.  

 

Table (b):Mean (SD); # median (IQR); †median(range);* post hoc analysis demonstrated significance 
between  normal perceivers and hyperperceivers.TCC: total cell count; eNO: exhaled nitric oxide; mL: 

milliltres; % :percent; ppb: parts per billion.

Sputum cell counts  Hypoperceivers     Normal          
perceivers 

Hyperperceivers     p value 

TCC x 106/mL#   0.8 (2.0)   0.62 (1.2)   1.1 (1.0)     0.47 

Viability,%   75(16.6)   84(18.7)   80.5(24.1)     0.49 

Eosinophil,%#   0 (1.0)   0 (1.0)   0 (0.1)     0.69 

Neutrophil,%   23 (26)   30 (22)   21 (17)     0.33 

Macrophage,%   51 (30)   41 (26)   52 (19)     0.35 

Lymphocyte,%#   0 (1.0)   0 (0)   0 (0)     0.29 

Columnar epithelial  
cell,% †   0(6)   0(5)   0(20)     0.007* 

eNO, ppb    24 (7.0)   20 (11)   24 (21)     0.73 
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CHAPTER 6 

 
Perception of breathlessness in subjects 
without respiratory symptoms or airway 
hyper-responsiveness: relationship with 
clinical, inflammatory, psychosocial and 
economic variables. 
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6.0 Introduction 
 

Few studies have examined POD and its variability in normal subjects or those without airway hyper-

responsiveness. These subjects seem to demonstrate a wide variability in POD to the same ventilatory 

stimulus(179). They also may exhibit the same or similar magnitude of breathlessness to a range of 

stimuli(179). Anxiety, the degree of airway obstruction induced by the ventilatory stimulus, and 

distraction during the stimulus, all affect POD in normal subjects, similar to that noted in asthma. In one 

study, 15 normal or subjects without asthma, and 15 subjects with asthma (classified by symptoms and 

spirometry), underwent a methacholine challenge test to induce a 20 to 50% fall in FEV1(217).At a given 

level of breathlessness, normal subjects perceived more airflow obstruction compared to subjects with 

asthma. Anxiety levels were low and did not correlate with POD. Contrastingly, in another study 

examining perceived dyspnoea during progressive arm ergometry in normal subjects, a significant 

positive correlation was noted between anxiety and POD which was more marked in women (254).  

Anxiety itself has been shown to both heighten and blunt POD in normal subjects (255). In a series of 

experiments in healthy volunteers, Von Leupoldt and colleagues demonstrated that POD is a multi-

dimensional process affected by both sensory input and by non sensory factors such as attention. The 

authors found that distracting subjects reduced the unpleasant sensation of breathlessness(256-259)  

 

While studies have demonstrated a variable association between AI (assessed by sputum eosinophilia 

and raised eNO measurements) and POD in subjects with asthma(42, 43),(44, 260) it is unknown if  a 

similar relationship exists in normal subjects without respiratory disorders or AHR. 
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Perception of breathlessness, as described in Chapter 5, is usually assessed with a subjective scale, 

and in response to induced airway bronchoconstriction(243, 261) These scales are reproducible, and 

sensitive to change or responsive, in subjects with asthma. They are also robust in individuals without 

asthma(262, 263). Grant and colleagues, for example, compared the reproducibility and responsiveness 

of the visual analogue scale (VAS), Borg scale and Likert scale in 23 normal subjects during a sub 

maximal exercise challenge. They found that the VAS scale had the best reproducibility [reproducibility 

coefficient:78% (95%CI:66-89) vs 50% (95%CI:36-76) Borg scale; p<0.05] and responsiveness 

[sensitivity ratio: 2.7( 95%CI: 2.4-3.0) vs 2.0(95% CI: 1.6-2.4) Borg scale; p<0.05]  for 

breathlessness(262). In another study Boulet and colleagues found no significant difference between 

the VAS and Borg scale in subjects with and without asthma (217). 

 

The aims of this study were therefore, firstly, to describe POD in subjects selected from the community 

without respiratory symptoms or AHR to a hypertonic saline challenge test; and secondly, to describe 

the relationship between POD and lung function, AI measured by sputum cell counts and eNO, 

psychosocial and economic factors in these subjects.  
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6.1 Materials and methods 
 

Study Design  

This was a cross-sectional population based study.  

Subjects 

Forty six subjects without respiratory symptoms based on the NWAHS questionnaire, on no respiratory 

medications and without evidence of AHR during a hypertonic saline challenge were enrolled. They 

were assessed at a single visit with a quality of life questionnaire (SF-36), height and weight 

measurements to calculate body mass index (BMI), spirometry and a hypertonic saline challenge test 

with a visual analogue scale at the beginning and at the end of the challenge to assess perception of 

dyspnoea (POD). A sample of sputum was induced concurrently with the hypertonic saline challenge 

test.  

Methods 

Materials and methods used in this study are detailed in Chapter 3.  While both POD and FEV1 in these 

subjects changed from baseline in response to the hypertonic saline challenge, FEV1 did not reach the 

15% fall that constitutes a positive challenge test. Therefore, in order to standardise, or anchor the 

change (delta or Δ) in the VAS or POD  score to the change in FEV1 with the saline challenge, POD 

was expressed as Δ VAS/ Δ FEV1.  In this study, as VAS results were not normally distributed, 

percentile values were substituted for SD. Low perception of breathlessness (hypoperceiver) was 

defined, a priori, as a VAS score below or equal to the 25th percentile and increased perception of 

breathlessness (hyperperceiver) was defined as a VAS score equal or greater than 75th percentile. 

This premise was based on studies by Boulet and colleagues demonstrating that POD follows a normal 

distribution in subjects with airway hyper-responsiveness(53, 217), with hypoperceivers and 

hyperperceivers defined as subjects 1 standard deviation below and above mean respectively(53). 
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6.2 Statistical analysis  
 

Descriptive statistics were used to summarise the clinical characteristics of the participants. Normally 

distributed data were expressed using arithmetic mean and standard deviations and data not normally 

distributed as median and interquartile range (IQR) or range. Correlations were expressed with the 

Pearson’s correlation coefficient for normally distributed data and the Spearman’s correlation coefficient 

for non- normal distributed data. Differences between the 3 groups (hypoperceivers, normal perceivers 

and hyperperceivers) were determined using an analysis of variance (ANOVA) for normally distributed 

and log transformed data where possible, or the Kruskal Wallis test for data not normally distributed. 

Categorical data were analysed using a chi squared test. Significance was accepted at a p of < 0.05.  

Statistical analysis was performed with SPSS Windows ® Version 10.0 (SPSS Inc., Chicago, IL).  

 

 

6.3 Results 
 

Subjects had a mean age of 54.7(12.7) years and a mean FEV1 of 101.2 (15.3) % predicted. Nearly 

74% were atopic (Table 6.1). Completed VAS scores were available in 38 subjects. Visual analogue 

scale scores were not normally distributed in this study population (Figure 6.1). POD correlated 

significantly and inversely with baseline FEV1 L and percent predicted, and positively with BMI (Table 

6.2). A significant relationship was noted between BMI and baseline FEV1 L (r=-0.23, p=0.05, n= 45). 

Perception of dyspnoea correlated significantly with eNO (r=0.47, p=0.04, n=35 Table 6.2) but did not 

demonstrate an association with the sputum total cell count, or the remainder of the differential cell 

count(TCC: r =-0.16,p=0.36, n=38,eosinophils: r=-0.31,p=0.11, n= 38;neutrophils:r=0.092,p=0.54,n=38; 

macrophages r=- 0.15, p=0.42, n= 38; lymphocytes r=- 0.01, p=0.96, n=38). Psychological and 
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socioeconomic factors of anxiety (r=-0.21, p=0.21, n=38), depression (r=0.08, p=0.66, n= 38), poor 

education (r= -0.08, p=0.64, n= 38) and low household income (r= -0.05, p=0.76, n= 38) did not 

demonstrate a correlation with POD. There was no correlation between quality of life assessed by the 

SF-36 and POD (Table 6.2).  

 

Subjects were subsequently classified into normal perceivers, hypoperceivers and hyperperceivers. 

The majority(68%) were normal perceivers, and 31.5% were hyperperceivers. None were 

hypoperceivers. Subject characteristics were similar between groups (Table 5.3(a)) apart from a 

significantly increased BMI, and POD in hyperperceivers. Quality of life SF-36 physical function was 

significantly lower in hyperperceivers compared with normal perceivers (Table 6.3 (a)), and correlated 

positively with baseline FEV1 (r=0.35, p=0.019, n=46; i.e. lower physical function score, lower baseline 

FEV1) and negatively with BMI (-0.53, p=0.00, n=46; i.e. lower physical function score, higher BMI). The 

total cell count and differential counts were similar in both groups. Exhaled nitric oxide measurements 

were significantly raised in hyperperceivers compared with normal perceivers (Table6.3(b)).  
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6.4 Discussion 
 

This study has demonstrated that in normal subjects without respiratory symptoms and no AHR there is 

a relationship between POD measured by Δ VAS/ Δ FEV1, lung function, BMI, and possibly 

inflammatory markers. Increasing POD was associated with a falling baseline FEV1 both litres and 

percent predicted, elevated BMI and eNO measurements. A raised BMI explained 33.6% (0.58 

squared) of the variability in POD, while FEV1 (both litres and percent predicted), and eNO explained 

9% and 22% of POD variability respectively. No association was noted between POD and quality of life, 

psychological or socioeconomic variables.  

 

Previous studies have demonstrated that, an association exists between POD and sputum eosinophilia 

in subjects with asthma (42, 43). This relationship was not seen our subjects without AHR.  The 

participants in this study had total and differential sputum cell counts within the normal range (Table 

6.3(b)) consistent with either paucigranulocytic AI, based on cell subtype classification by Simpson and 

colleagues(34), or no AI at all. The differentiation of these 2 scenarios is currently being debated. When 

subjects were divided into hypoperceivers, hyperperceivers and normal perceivers, significantly higher 

eNO levels were noted in hyperperceivers compared with normal perceivers. This conceivably supports 

the presence of paucigranulocytic AI rather than no AI in these individuals. Elevated eNO levels in the 

range of 16 to 26 ppb and higher have been considered to reflect eosinophilic AI(212). Emerging data 

suggests that much higher eNO levels, in the range of 30 to 45 ppb or more, are in fact present in 

eosinophilic asthma(114).  The levels of eNO documented in this study are therefore likely to reflect the 

normal range of the test, or non -eosinophilic AI (114, 115). It also lends support to the concept that the 

association between POD and eNO levels may be similar to lung function; a continuum ranging from 

normality into pathological states such as asthma. Alternatively, these findings raise the possibility that 
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‘normal’ subjects without respiratory symptoms or AHR may have other non respiratory disorders 

associated with non eosinophilic AI as the source of their mildly raised eNO levels. Previously 

documented causes of a mildly raised eNO level and non eosinophilic AI include gastro-esophageal 

reflux, rhinosinusitis, viral infection (all usually associated with sputum neutrophilia), cardiac disease 

and vocal cord dysfunction (114) (223). These disorders were not actively investigated, and therefore, 

neither confirmed nor excluded in our population. In a recent community based study establishing 

reference ranges for eNO measurements, 10.6% of subjects classified as healthy, ‘normal’ individuals 

were found to have elevated eNO levels (115). Interestingly, anxiety and hyperventilation per se, are 

also associated with mildy raised eNO levels (114, 223). While an association between anxiety or 

depression (elicited by questionnaires) and eNO levels was not shown, a direct association between 

anxiety levels and increased breathlessness provoked by the hypertonic saline challenge test and eNO 

levels was not examined (and therefore cannot be discounted).    

 

The relationship between increasing BMI and increased POD is partly explained by compromised lung 

function amongst other factors. This mechanism is supported by the correlation between BMI and FEV1 

(r=-0.23, p=0.05). Increased weight results in physiological impairment including a restrictive pattern of 

breathing and increased airways resistance (264-266). The expiratory reserve volume is reduced, and 

the work of breathing increased (265, 266). These adverse effects may result in symptoms such as 

wheeze and dyspnoea (265, 266). This in turn may lead to a heightened POD as evidenced in this 

study. The significantly lower score in the SF-36 physical function domain noted in hyperperceivers 

compared with normal perceivers and the negative correlation with BMI (lower SF-36 score, higher 

BMI) associated with the positive correlation with FEV1 L and percent predicted ( lower SF-36 score, 

lower FEV1), lends support to this concept. 
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 A raised BMI, moreover, is postulated to have a pro inflammatory role in asthma (264, 267-270) and 

this may extend to subjects without asthma, although not demonstrated in this study. The lack of an 

association between BMI and eNO levels has been demonstrated previously. McLachlan and 

colleagues found no significant relationship between BMI and eNO levels despite demonstrating 

increased eNO levels in asthma (252).  In another study, weight loss following bariatric surgery resulted 

in improvements with asthma symptoms and lung function but not eNO levels(271). 

 

It is noteworthy that none of the subjects under perceived dyspnoea for a given fall in FEV1. This 

supports Boulet’s earlier work demonstrating that at a given level of breathlessness, normal subjects 

perceived change in airflow obstruction more accurately than subjects with asthma(217). It may also 

reflect the lack of psychological determinants such as depression, temporal adaptation, and 

documented underlying lung pathology in this study population.   

 

The classification of no asthma used in this study may be open to debate. This was defined by the 

absence of current respiratory symptoms associated with a fall in FEV1 of less than 15% from baseline 

during the hypertonic saline challenge test. A negative airway challenge test was incorporated into the 

definition of no asthma, as it mirrored the methodology used to define asthma in the previous chapter. 

An alternative definition of “no  asthma” in assessing POD, incorporates the absence of current 

symptoms, and the lack of bronchodilator reversibility on spirometry(217). Subjects defined in this 

manner for a previous study were, however, induced to achieve a fall in FEV1 of at least 20% from 

baseline with large doses, indicative of airway hyper-responsiveness(217). The division of subjects into 

having asthma is still defined by a fall in FEV1 of 20% from baseline with a dose of up to 16mg/ml of 
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methacholine. Thus it is unlikely that these subjects had asthma. It however does not exclude them 

from having increased airway hyper-responsiveness and possibly asthma at other times.  

 

Atopy, a feature normally present in asthma, was prominent in our subjects. A recent longitudinal study 

following asymptomatic adolescents with AHR for 14 years found that while AHR was not a significant 

risk factor for developing  asthma, the presence of allergy at baseline increased the risk of developing 

asthma considerably over time (Odds Ratio(OR ) 4.45 (95 CI: 1.46-13.54, p=0.009, n=199)(272).  

 

Caveats in interpreting the results include the descriptive nature of this study, the small sample size, 

and the arbitrary classification of POD into hypoperceivers, hyperperceivers and normal perceivers 

modified from Boulet and colleagues(53). The correlations noted in this study are based on a small 

sample size and larger studies are required to confirm these findings. Furthermore, subjects in this 

study had a small drop in FEV1 from baseline (Table 6.3), much less than the 15% fall in FEV1 required 

to define airway hyper-responsiveness with hypertonic saline. These small changes in FEV1 may have 

theoretically lead to an over estimation of the POD measured by Δ VAS/ Δ FEV1. Changes in VAS 

scores from baseline were, in the majority, also small or did not change at all. This raises the concern 

that the VAS scale may have been not have been sensitive enough to detect small changes despite a 

concurrent fall in FEV1 from baseline, thereby underestimating the true POD. Thus the classification of 

subjects without airway hyper-responsiveness into hypo and hyperperceivers may not be robust on this 

basis. It is interesting to note, however, that not one subject under perceived his or her  symptoms or to 

describe it differently, POD was appropriate to the fall in FEV1 in normal subjects, a feature that has 

been demonstrated previously(217). 
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Despite these limitations, this community based study has highlighted an association between POD 

and reduced lung function and AI as measured by eNO in  subjects without respiratory symptoms and 

AHR that requires further exploration. Studies with a larger sample size to assess if these findings are 

repeatable, and longitudinal studies assessing subjects over a period of time to determine if any 

develop asthma are warranted. 
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Table 6.1: Baseline characteristics of subjects without asthma:  

defined by absence of respiratory symptoms and a negative  

hypertonic  saline challenge test. 
 

 

    

 

 

 

 

 

 

 

 

    

   Mean (SD); n: number of subjects; BD: bronchodilator; FEV1: forced  

  expiratory  volume in   one second; L: litre ; %: percent 

    Baseline  characteristic  

    n 46 

    Male, n 21 

    Age, years 54.7(12.7) 

    Atopy, n 34 

     Pre BD FEV1, L 

     Pre BD FEV1 % predicted 

3.1(0.77) 

101.2(15.3) 
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Figure 6.1: Distribution of Δ VAS/ Δ FEV1 readings (n=38) in subjects without 
respiratory symptoms and a negative hypertonic saline challenge test.                
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 n: number of subjects;Median (IQR): 0.11(0.42); Δ VAS/ Δ FEV1 : change in visual analogue scale 
from baseline divided by change in forced expiratory volume in 1 second from baseline; IQR: 
interquartile range. 
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Table 6.2: Correlation between Δ VAS/ Δ FEV1, clinical  and  

inflammatory variables.  

 

Clinical variables r                 p value            n 

BMI   0.58           0.00               38 

FEV1 ,L - 0.30           0.03               38 

FEV1 % predicted - 0.29           0.04               38 

SF-36 role physical 

SF-36 physical function 

SF-36 bodily pain 

SF-36 general health  

SF-36 vitality 

SF-36 social function 

SF-36 role emotional  

SF-36 mental health 

  0.16           0.55               38 

- 0.13           0.49               38 

  0.18           0.33               38 

  0.19           0.70               38 

  0.07           0.49               38 

  0.16           0.41               38 

  0.14           0.46               38 

  0.12           0.49               38 

                                          Inflammatory variable 

eNO ,ppb   0.47          0.04                35 

 r: correlation coefficient ; n: number of subjects; BMI: body mass index;  

FEV1: forced expiratory volume in 1 second; L: litres; %: percent;  

SF-36: Short form (SF) generic Quality of Life Questionnaire;  

eNO: exhaled nitric oxide; ppb: parts per billion 



136 

 

Table 6.3: Hyperperceivers  and normal perceivers 
 

(a)Subject characteristics 

 Normal perceivers 

       n= 26 

 Hyperperceivers  

       n= 12 

         p value 

Age       54(12)       55(12)            0.82 

Gender , male        14        3            0.2 

Atopy,n (>1 positive)       19        7            0.2 

BMI       26(2.9)    31(7.4)            0.02 

Smoking history , 
pack years   

      8.1(9.1)      13.1(18.1)            0.28 

Current 

Ex smokers, n  

       3 

     12 

    2 

    3 

           0.51 

           0.38 

SF-36 role physical  

SF-36 physical function 

SF-36 bodily pain  

SF-36 general health 

SF-36 vitality 

SF-36 social function 

SF-36 role emotional 

SF-36 mental health 

    76.2(39.1) 

    85.7(18.8) 

    69.3(21.8) 

    71.5(22.5) 

    65.5(20.9) 

    85.7(25.1) 

    87.3(31) 

    76.6(23.6) 

    71.9(45.2) 

    66.9(28) 

    65.1 

   72.8(20.9) 

   58.8(28.8) 

   84.4(25.7) 

  100(0) 

   79(15.5) 

           0.80 

           0.05 

           0.67 

           0.89 

           0.49 

           0.90 

           0.26 

           0.79 

FEV1, L     3.2(1.0)     2.6 (1.0)            0.07 

FEV1, % predicted     100(24)     87(15)            0.07 

Δ VAS/ Δ FEV1 #     0(0.22)     1.3(2.4)            0.000 

Fall in FEV1from baseline %     6.8(4.6)     7.5 (0.93)            0.56 

Mean (SD); # median (IQR); no subjects were classified as hypoperceivers; n: number of subjects; BMI:  

body mass index ; SF-36: Short form (SF) generic Quality of Life Questionnaire; FEV1: forced expiratory  

volume in 1 second; L : litres; % : percent; Δ VAS/ Δ FEV1 : change in visual analogue scale from baseline  

divided by change in forced expiratory volume in 1 second from baseline; eNO: exhaled nitric oxide; 
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                        (b) Sputum cell counts and eNO  

 

Sputum cell counts  Normal perceivers 

       n= 26 

Hyperperceivers 

       n= 11 

      p value 

TCC x 106 /mL#        0.82(1.2)        0.44(1.2)       0.32 

Viability        89.3(11.3)       92.9(80)       0.45 

Eosinophil,% #        0 (1.0)       0(0.75)       0.29 

Neutrophil,%        25(26)       34(21)       0.33 

Macrophage,%        53(25)       49(27)       0.68 

Lymphocyte,% #        0(1.0)       0(0)       0.29 

Columnar epithelial cells ,% #         0(0)       0(0)       0.55 

eNO, ppb        14.5(5.2) 

       n=18 

      22.6(13)   

      n=6 

      0.03 

 

Mean (SD); #median (IQR);n: number of subjects; TCC: total cell count; mL: milliltre; 

%: percent; eNO:exhaled nitric oxide; ppb: parts per billion;  
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CHAPTER 7 

 
Optimising the methodology for measuring 
labile zinc in induced sputum 
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7.0 Introduction 
 

 As discussed in Chapter 2, labile zinc is an essential antioxidant and anti-inflammatory agent in a 

variety of disorders including asthma. Thus measuring labile zinc concentrations in the appropriate 

body compartments accurately is important, but has proven difficult until recently. 

 

Zinc (Zn) in body tissues and fluids has traditionally been measured by AAS, which detects both  fixed 

and labile pools of  zinc. These fixed pools of Zn are relatively unaffected in Zn deficiency and  are 

poor indicators of body Zn status. In addition to these pools, there are more loosely-bound, dynamic 

pools of Zn within cells and tissues, and loosely bound to albumin in plasma , known as labile Zn.  

Labile Zn pools are readily measured in cells by measurement of specific Zn-dependent fluorescence 

with Zinquin (ethyl-[2-methyl-8-p-toluenesulphonamido-6-quinolyloxy]acetate) or other Zn 

fluorophores.  These fluorophores bind Zn with dissociation constants in the nanomolar range (typical 

of intracellular concentrations of labile Zn), giving a stable signal in intact cells, frozen tissues and 

body fluids. They are specific for Zn (outlined in Chapter 2, section 5).   

 

We have recently developed a Zinquin-based assay to measure labile Zn in plasma and possibly 

other extracellular body fluids(52) . With the advent of induced sputum to measure and monitor AI in 

airway disorders such as asthma, it was felt that this Zinquin assay could be modified and refined to 

measure labile or active zinc concentrations in sputum.  Dithiothreitol (DTT) or Sputolysin (trade 

name), a mucolytic agent used to liquefy sputum prior to measuring total and differential cell counts, 

has been found to interfere with the assessment of mediators in the fluid phase or supernatant (273-

277). It was unclear if DTT would interfere similarly with labile zinc measurements. 
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Here we describe the methodology to assess zinc levels in sputum, and optimisation of the procedure 

with respect to DTT, in order to subsequently measure labile or free zinc in the sputum of subjects 

with asthma. The measurements of labile zinc obtained in sputum were compared with saliva and 

plasma. In a subset of subjects, repeatability of labile zinc measurements and the effects of freezing 

the entire  sputum sample on labile zinc measurements were explored.  

 

7.1 Materials and methods 
 

Study Design 

This was a cross-sectional study.  

Subjects 

91 subjects without a doctor diagnosis of asthma and the absence of reversibility of airway obstruction 

based on American Thoracic Society criteria were randomly chosen from the NWAHS (North Western 

Adelaide Health Study), a larger population based study. They were assessed in a single visit with a 

clinical questionnaire, sputum induction with hypertonic saline challenge and blood sample. Details of 

the procedures are outlined in Chapter 3. 

Materials 

Major materials and their suppliers were: EGTA, TPEN, Chelex-100 resin (Sigma Chemicals, St 

Louis, MO); Sputolysin reagent (Calbiochem, San Diego, CA); Zinquin, ethyl-[2-methyl-8-p-

toluenesulphonamido-6-quinolyloxy]acetate was obtained from Dr David Ward, Department of 

Chemistry, University of Adelaide, South  Australia). It was dissolved at 2 mg/ml (5mM) in DMSO and 

stored in aliquots at –20oC. All other reagents not listed were reagent-grade, unless indicated. All 

water used in these experiments was high purity (Milli-Q grade). A stock 10x Hanks balanced salt 
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solution (10xHBSS) was made up using reagent grade chemicals and Milli-Q water. Contaminating Zn 

was removed by two cycles of treatment with Chelex-100 resin. The resin was pre-washed with Milli-

Q water (3 x 5 min, as per manufacturer’s instructions) and added to the 10x HBSS in the ratio of 5g 

/50 ml. After rocking for 40 min at RT, the buffer was decanted and treated for a further 40 min with a 

second batch of Chelex-100 and stored at 4oC in the presence of Chelex resin.  

 

Sputum induction and processing 

The procedure for sputum induction and processing is described in Chapter 3, Materials and 

Methods.  Sputum was processed within 2 hours of collection. Sputum supernatant was frozen at 

minus 20◦C for fluid phase measurements. 

 

Collection of blood and saliva  

A sample of blood and saliva was taken for zinc measurement. Five mls of blood was collected in a 

heparin tube and centrifuged immediately for 10 minutes at 1000g. The plasma was removed and 

frozen at minus 20◦C for later measurements.  Prior to commencing the hypertonic saline challenge, 

the subject was asked to expectorate a sample of saliva into a sterile container.  
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7.1.1 Measurement of labile zinc in induced sputum by Zinquin   
fluorometry 

 
The concentration of labile Zn in the induced sputum supernatant (fluid phase) was determined by 

fluorescence with Zinquin.  To allow for Zn (present as a contaminant) in the DTT reagent, a blank 

(DTT alone) was prepared for each batch of sputa processed on a given day. Zinquin fluorescence of 

blanks was subtracted from the Zinquin fluorescence of the sputum supernatant, as described below.  

 

Preparation of Zn standards (Figure 7.1(a)): For each run, a set of Zn standards were set up to 

provide a standard curve for conversion of fluorescence units into Zn concentrations.  Stock 

concentrations (0, 5, 10, 20 and 40 �M) of Zn nitrate (Merck, 1g/l) were made up in water and stored 

for up to 3 months at 4oC. On the day of assay, 50 μl of each stock Zn solution were added to 200 �l 

of diluted DTT reagent (1 volume to 9 volumes of water as per manufacturer’s instructions). 50 �l of 

each were then added to each of 3 cuvettes (Greiner Halb-Mikro 1 ml disposable fluorometry 

cuvettes). This achieved a final Zn concentration range in the cuvettes of 50–400 nM; Zinquin 

fluorescence was linear over this range, but at concentrations > 500 nM it began to plateau . 

 

Preparation of  blanks and sputum supernatants (Figure 7.1(b)): 50 �l of  sputum supernatant was 

placed into each of 6 cuvettes. To three of these cuvettes (designated + EGTA), 10�l of 30mM EGTA 

was added and allowed to mix with the sputum supernatant. These cuvettes were used to obtain the 

non specific or non-Zn-dependent fluorescence (if any). Since EGTA is a Zn chelator, it will eliminate 

fluorescence due to Zn, thereby allowing calculation of the non specific or non-Zn-dependent 

fluorescence such as autofluorescing elements in sputum. The other 3 cuvettes (- EGTA) received 10 

�l of water instead of EGTA and were used to obtain the total fluorescence (specific + non-specific). 
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Similarly, 6 cuvettes, 3 with EGTA and 3 without, were set up for the blank (DTT solution used for 

processing the sample on that day).   

 

Addition of Zinquin buffer and fluorometry: All cuvettes (standards, blanks and supernatants) then 

received 940 �l of Zinquin-containing buffer. This buffer consisted of Chelex-treated 1X HBSS 

containing 0.3 mg/ml OVA and 10 �M Zinquin. Since Zinquin is hydrophobic and will precipitate out of 

aqueous solutions with time, OVA was added as a stabilising protein. OVA is ideal since unlike serum 

albumin it lacks sulphydryls and does not bind or contain Zn(52).  Zinquin was added to the buffer 

immediately before pipetting into the cuvettes. Cuvettes were allowed to incubate for 40 min at room 

temperature in the dark. Fluorescences were then read using a TBS-380 mini fluorometer equipped 

with a UV filter (Turner Biosystems). Specific Zn-dependent fluorescence for blanks and sputa were 

derived by subtracting mean fluorescence in presence of EGTA from that in the absence of EGTA. 

Fluorescence of blanks were then subtracted from fluorescence of sputa and the difference was 

converted to a concentration of Zn using the standard curve. Generally, fluorescence of blanks was 

very low compared with that of sputum supernatants; however, if the DTT was allowed to age for 

more than 2 weeks, high blank fluorescence’s were obtained (see Results). Fluorescences of sputum 

supernatants in the presence of EGTA were nearly always negligible.  

 

Measurement of labile Zn in saliva and plasma by Zinquin fluorometry 

The method for labile Zn in saliva was similar to that for sputum except that standards were made up 

in water or saline rather than diluted DTT. The method for plasma labile Zn was similar to that for 

sputum except that there were no blanks, the standards were made up in water rather than diluted 
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DTT and the volumes of plasma added to cuvettes was 10μl. The latter was in order to achieve a final 

concentration of Zn in the cuvettes within the 50-400 nM range.  

 

Labile zinc measurements in frozen sputum  versus fresh sputum. 

In 4 subjects, after the initial sputum sample was processed and a cell differential performed as 

described above, the remainder of the sample was frozen in its entirety. After at least 7 days of 

storage at minus 20oC, the samples were thawed and processed in the same manner as the fresh 

sample, and zinc measurements were made.  

 

7.1.2 Measurement of total zinc concentrations in plasma and sputum 
supernatant and sputum blanks by Atomic Absorption  
Spectrophotometry 

 
Total Zn in plasma and sputum samples were measured by absorption at 214 nm in a PE 3030 Flame 

Atomic Absorption Spectrometer with a graphite furnace (278)(Figure 2). With sputum samples, the 

Zn contaminating the DTT was allowed for by subtracting the Zn in the blank (sputum processing 

reagent alone) from the Zn in the sputum supernatant.  
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7.2 Statistical Analysis 
 

Normally distributed data were expressed using arithmetic mean and standard deviations and non-

normal distributed data as median and interquartile range (IQR). Differences between the groups 

were determined using a paired t-test for normally distributed and log transformed data where 

possible, or the Wilcoxon Rank test for data not normally distributed. Correlations were expressed 

with the Pearson’s correlation coefficient for normally distributed data or data with a linear 

relationship, and the Spearman’s correlation coefficient for non- normal distributed data. Significance 

was accepted at a p of < 0.05.  Statistical analysis was performed with SPSS Windows ® Version 

10.0 (SPSS Inc., Chicago, IL).  

 

 

7.3 Results    
 

Subjects had a mean (SD) age of 58 (13) years and FEV1 of 102 (17) % predicted (Table 7.1). 

  

7.3.1 Methodological issues   
 

The method for measuring labile zinc in plasma using Zinquin, was adapted for sputum in the 

following ways to yield repeatable results:   

 

1. The sample volume of sputum supernatant was increased from 20 microlitres(μL) used for plasma 

to 50μL. Secondly, the EGTA volume reduced from the 20 μL used for plasma to 10 μL for sputum 
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supernatant. In preliminary experiments, various ratios of sample volume to EGTA volume were 

tested, and the ratio described above allowed zinc fluoresence to be detected in sputum consistently. 

 

2. Comparison of Zn standard curves performed in the presence and absence of DTT showed that, in 

the presence of DTT, Zinquin had almost twice the fluorescence with Zn as it did in the absence of 

this agent (Figure 2).  It is therefore important when analysing sputum Zn concentrations to perform 

the standard curve in a medium containing the same concentration of DTT as used in the processing 

of the sample.  

 

3. After opening of a new DTT (Sputolysin) bottle, it was observed that storage beyond 2 weeks at 

4oC, led to a dramatic increase in fluorescence of the blank with Zinquin (Figure 3). This fluorescence 

was entirely quenched by EGTA, suggesting that it was due to the release of zinc. Therefore, for 

labile Zn measurements with Zinquin, an opened vial of DTT should only be stored for a maximum of 

1 week. Whether purging the contents of the vial with an inert gas prior to storage would prevent this 

change has not been studied.  

 

Labile  zinc measurements in saliva 

Salivary labile zinc measurements were very low (Table 7.2).  
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Sputum and plasma labile and total zinc measurements   

Sputum and plasma labile and total zinc measurements are shown in Table 7.2 and followed similar 

trends: total zinc measurements were higher than labile zinc measurements. 

 

There were no correlations noted between age and total or labile zinc levels in sputum (total zinc 

r=0.10, p=0.42, n=70; labile zinc r=-0.05, p=0.70, n=91) and plasma (total zinc r= -0.16, p=0.12, n=91; 

labile zinc r=-0.03, p=0.81, n=73). There were no differences in zinc levels between male and female 

subjects (sputum: total zinc r=0.07, p=0.55, n=70; labile zinc r= 0.17, p=0.15, n=75; plasma: total zinc 

r=-0.13, p=0.21, n=91; labile zinc r=-0.07, p=0.56, n=73). 

 

Repeatability of sputum labile zinc measurements  

The repeatability of labile zinc measurements from the same sputum supernatant sample, expressed 

by the intraclass correlation coefficient (R), was excellent. Three sputum samples had labile zinc 

measurements performed at 2 different time points, at least two weeks apart*. Two out of the three 

samples had another zinc measurement taken at a third time point, again at least two weeks apart*. 

Repeatability (R) was 0.96 in all cases, with an R of > 0.8 considered acceptable. 

(*measured in supernatant samples which were frozen at the time of sputum processing, then thawed 

for further analysis) 
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Correlations between sputum labile zinc using Zinquin, and total zinc measurements using 

AAS.  

Labile zinc measurements correlated well and significantly with total zinc measurements (r=0.51, 

p=0.000, n=70) and explained up to 26% percent of the variability in total sputum zinc measurements. 

This relationship was more robust than that found between total and labile plasma zinc concentrations 

in plasma (r=0.16, p=0.67, n=91), where labile zinc explained 2.5 % the variability in total zinc 

measurements.  

 

 Labile zinc measurements in frozen sputum  versus fresh sputum. 

Zinc measurements in frozen sputum samples (n=4) were considerably higher (median (IQR): 6.38 

(11.58) versus 0.11(1.25) p= 0.068) compared with sputum samples processed within 2 hours (Table 

7.3).   
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7.4 Discussion 
   

This study confirms for the first time that induced sputum examination, a reliable, non invasive 

technique of assessing airway inflammation, lends itself to labile zinc measurements.  Zinc 

concentrations have traditionally been assessed in a variety of tissues and body fluids by AAS, which 

measures both fixed and labile zinc stores. Our laboratory has developed a novel method using 

Zinquin fluorphore, to assess free or labile zinc concentrations, considered to be the biologically 

active component of zinc, in cells and, more recently, in plasma. The materials and methodology 

required for Zinquin fluorometry are available in most laboratories. It is, therefore, likely to be a more 

cost-effective and generalisable procedure compared with AAS. At the time of commencement of this 

thesis, the assay had not been used in induced sputum or saliva. An important aim of this thesis was 

to establish that labile Zn could be measured in induced sputum, and to optimise the technique, with 

the objective of measuring sputum zinc concentrations in asthma. This was achieved as described in 

this chapter, and included firstly, altering the concentrations of sample and EGTA buffer used to 

achieve maximum Zinquin fluoresence, and secondly and more importantly, correcting for the 

presence of DTT (Sputolysin).  

 

While DTT is widely used as a mucolytic agent in examination of cell counts in sputum, and results in 

improved dispersal of cells for cell counts compared with saline alone(274, 279), this study has 

demonstrated that DTT in Sputolysin contains zinc which needs to be adjusted for in the calculation of 

sputum zinc concentrations. Limitations in using DTT have been raised previously in the 

measurement of other inflammatory makers in the fluid phase medium or supernatant of sputum. For 

example Simpson and colleagues have measured inflammatory mediators in induced sputum using 

standards prepared in the presence and absence of DTT and have noted that DTT interferes with the 
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assay and needs to be adjusted for(280). This has also been echoed in a recent study optimising the 

process for measuring chemokines and cytokines in sputum in the presence of DTT(275). The 

increase in Zinquin fluorescence with DTT noted over a period of 2 weeks is considered to be due to 

the oxidation of DTT releasing tightly-chelated zinc present in Sputolysin. This hypothesis is 

supported by the ability of EGTA, in our experiments, to fully quench the high blank fluorescence.  

 

Experiments in optimising Zinquin fluorometry for sputum demonstrated that the technique is highly 

reproducible as measured by the intraclass correlation coefficient (R= 0.96). It was difficult to assess 

the validity of labile zinc measurements using Zinquin. While AAS is the currently accepted, gold 

standard method for measuring zinc levels in body fluids, it measures both total and labile zinc pools.  

Zinquin fluorometry is the only method currently available to assess free or labile pools of zinc. Thus 

these techniques measure different compartments of zinc homeostasis, and cannot be compared 

directly.  

 

Interestingly, the correlation between total and labile zinc concentrations in sputum was reasonable 

and significant. It, however, explained only 26% of the variability in the total zinc measurement, likely 

reflecting the fact that most of the zinc measured by AAS is tightly fixed to protein. Contrastingly, the 

correlation between total and labile zinc in plasma was poor. There are several possible reasons for 

this. In plasma, zinc is largely bound to two different proteins, alpha 2 macroglobulin and albumin. 

Zinc binds tightly with most metalloenzymes including alpha 2 macroglobulin, using all 4 ligand 

binding sites, thereby not permitting Zinquin to attach and be detected. Zinc, however, binds weakly to 

albumin with only two of its 4 ligand binding sites interacting with albumin, leaving the other 2 to 

attach to Zinquin. Secondly, the proportion of albumin to alpha 2 macroglobulin can vary greatly 
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between healthy subjects. These two factors may result in a variable relationship between total and 

labile plasma levels. In sputum, it is postulated that zinc is bound to mucin, a glycosylated protein, but 

this remains unproven. Mucin levels may unlike plasma proteins, may not vary much between healthy 

subjects (low inter subject variability), thereby resulting in a better correlation between total and labile 

sputum zinc concentrations compared with plasma. Additionally, the proportion of protein bound zinc 

present in sputum may be considerably less compared with plasma.  

 

Some subjects had undetectable labile sputum zinc measurements (Tables 7.2, 7.3). Possible 

explanations include a reduced dietary intake of zinc or an increased turnover of zinc in subjects with 

underlying airway or systemic inflammation due to other disorders besides asthma. Rapid turnover of 

zinc may occur as a result of increased cellular uptake and utilization of zinc with airway inflammation. 

Upregulation of zinc transporter proteins or the presence of specific zinc transporter polymorphisms 

may contribute to this process. Mouse models of allergic inflammation (281) have demonstrated that 

AI is associated with an altered expression of zinc transporter proteins, especially zinc transporter 

proteins ZIP 1 and ZIP 14 directed towards increasing zinc uptake and possibly retention of zinc, 

suggesting a similar process may occur in the human airway.  Asthma is also associated with 

increased cellular apoptosis and airway epithelial shedding with loss of cellular zinc (49, 282). One 

may postulate from this that early in inflammation zinc levels may increase in sputum as zinc is lost 

from airway tissue but in a chronic inflammatory state, where airway inflammation is persistent and 

uncontrolled, airway tissue zinc is depleted resulting in lower sputum zinc concentrations. The low 

sputum zinc concentrations also raise the prospect that more sensitive assays to detect labile zinc 

may be required. 
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This study has shown that while sputum may be processed, and the supernatant frozen, for repeated, 

reliable zinc measurements, the original sputum sample cannot be frozen. Freezing the sputum 

sample, subsequently thawing it, processing it, and measuring zinc in the supernatant results in 

higher zinc concentrations compared with the fresh sample. This discrepancy is most likely explained 

by the fact that zinc leaches out of cells after the cell membranes are disrupted by freeze-thawing. 

There are no studies, to our knowledge, examining the effects of freezing sputum samples prior to 

homogenisation with DTT, and its effects on cell counts and mediators including zinc.  Previous 

authors have found that freezing sputum samples in the presence of dimethylsulfoxide (DMSO), a 

cryoprotective agent (with or without bovine serum albumin), for up to 10 days either after 

homogenisation with DTT, or immediately before cytospin preparation, yielded reliable total and 

differential cells counts(283, 284). 

  

Finally, this study has shown that saliva has negligible concentrations of labile zinc. Thus when a 

sputum plug is selected from the salivary component of the expectorated sample, there is likely to be 

little contamination from salivary labile zinc. Unfortunately, it was not possible to measure total 

salivary zinc levels due to restricted access to atomic absorption spectrophotometry, and this limits 

comparisons between free zinc alone and combined free and protein bound zinc levels in saliva. 

Historical data, however, suggest that total salivary zinc levels are variable ranging from mean (SD) 

55(17) μg/L to 173(94) ng/ml in healthy volunteers (285, 286) . Salivary zinc levels in healthy 

volunteers and subjects with asthma are further studied in Chapter 8. 

 

A variety of biological variables may influence sputum zinc measurements. These factors include, the 

amount of zinc consumed in the diet, age of the participant, inflammatory and other stressors. Further 
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studies are required to study the effects of these variables systematically, and to develop normal 

values and ranges for zinc, similar to cell counts and other mediators assessed in sputum(34, 137, 

155-157)   

 

In conclusion, this study describes a novel method, Zinquin fluorometry, for measuring labile or free 

pools of zinc in sputum, and the steps taken in optimising this procedure. It also confirms that Zinquin 

fluorometry is a repeatable method for measuring free zinc in sputum. Some of these results with 

sputum Zn have now been published, as part of a larger study of optimising labile Zn measurement in 

various body fluids (52).  
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 Figure 7.1: Labile zinc measurements with Zinquin,  modified  and optimised for 
sputum . 

 

(a) Preparation of Zn standards. 50 uL of each stock Zn solution (0, 5, 10, 20, and 40 �M) 

respectively were added to 200 �L of diluted (1:9) sputolysin (DTT) reagent. 50 �L of each diluted Zn 

concentration was added to 3 cuvettes. Zinquin fluorescence was recorded.   

 

 

   Zn concentration, nM 

50  

200 

100 

400 

    0   

Add Zinquin buffer. 

Incubate for 40 
minutes. 

Read fluorescence. 
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(b) Preparation of samples. 

 

 
 

Blank (B): is the stock sputolysin (DTT) solution; (C) cuvette ; EGTA is a zinc chelator; 

(S)supernatant; Nm: nanomolar; �L : microlitre.

-EGTA tubes (S) 

Add 50µL supernatant 
to each (C) plus10 �L of 
water

 +EGTA tubes (B) 

Add 50µL blank to each (C)  

 +EGTA tubes (S) 

Add 50µL supernatant 
to each (C) plus 10 µL, 
30 mM EGTA  

-EGTA tubes (B)  

Add 50µL blank to each 
(C) plus10 �L of water 

Add Zinquin 
buffer. 

Incubate for 
40 minutes. 

Read 
fluorescence
. 
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 Figure 7.2: Total zinc measurements by AAS 

 

 

 

 

 

 

Blank        Supernatant  
             AAS 
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Table 7.1: Subject characteristics  
 

     Total subjects ,n                        91 

     Male, n                       47 

     Age, years                       58(13) 

     Pre BDFEV1, L 

     Pre BD FEV1 % predicted 

                      3.0(0.90) 

                     102(17) 

    Mean (Standard deviation (SD)); n: number of subjects; BD: bronchodilator; 

    FEV1: forced expiratory volume in 1 second; L: litres; % percent 

 

 
 

 Table 7.2: Zinc concentrations in saliva, sputum and plasma in  

subjects  
 

   Specimen, n       Zinc concentration, μmol/L 

   Saliva                             n=11                   0.0 (1.7)# 

   Sputum   

   Total zinc                         n =70      

   Labile zinc                       n =75      

                 

                  0.57(1.7)# 

                  0. 29(2.07)# 

   Plasma  

   Total zinc                         n= 90      

   Labile zinc                       n =72 

 

                  11.7 (2.4) 

                   5.4 (3.3) 

     Mean(SD); median(IQR)# ; n:number of subjects 



158 

 

 Table 7.3: Labile zinc measurements in fresh versus frozen sputum samples. 
  

 

 

 

 

 

 

 

 

Wilcoxon Rank Test: difference between fresh and frozen samples p=0.068;  

μmol/L: micromoles/litre 

 

 

 

 

Sputum sample 
Fresh  

 Labile zinc, μmol/L 

Frozen 

Labile zinc, μmol/L 

1 0 1.3 

2 0 16.4 

3 0 6.9 

4 0.76 6.0 
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Figure 7.2: Comparison of standards, saline alone, sputolysin (DTT) alone and 
combination of DTT/saline used in processing sputum in standardised protocols.    

    Saline  

    DTT 

    DTT/Saline 

Figure 7.2 demonstrates higher Zinquin fluorescence in Zn standards prepared in the presence of 
DTT (Sputolysin).There are 2 possible explanations for this:(1) DTT contains some contaminating Zn  
resulting in higher baseline Zn concentrations in the cuvettes compared with saline alone; (2) the 
slope is greater in the presence of DTT, suggesting that Zinquin is more sensitive or more responsive  
to Zn in the presence of DTT; this may relate to the reducing effect of DTT; nM: nanomolar; R2:The 
regression coefficient, expressing the ‘goodness of fit’  of the regression line with the actual data 
points: R2 

values range from 0  to 1, with 1 representing a perfect fit between the data and the line drawn 
through them, and 0 representing no statistical correlation. 
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Figure 7.3: Increasing fluorescence in blanks when bottle of Sputolysin had been opened 
for more than 2 weeks. 
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CHAPTER 8 

 
Asthma is associated with reductions in 
labile and total zinc concentrations in 
induced sputum 
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8.0 Introduction 
 

Although the situation in humans remains unclear, a number of studies have indicated 

associations between low body Zn and human asthma, reviewed in (49) . Zinc in the body 

exists in fixed and labile pools, with the latter being the exchangeable component.  

Until recently, it has been difficult to measure labile zinc concentrations accurately. The traditional 

method of assessing zinc levels with AAS encompasses both fixed  and labile zinc pools (total levels)  

Zinquin-based assay has recently been developed in our laboratory to measure only labile Zn in 

plasma(52). With the advent of induced sputum to diagnose, measure and monitor airway 

inflammation in airway disorders such as asthma, it was felt that this Zinquin assay could be 

optimised to measure labile or freely moving zinc concentrations in sputum (described in Chapter 7). 

 

Here, we report a study of the concentrations of labile and total Zn in induced sputum as a surrogate 

measure of Zn in the AE lining fluid in an epidemiological study in subjects with and without asthma. 

Sputum Zn concentrations were compared with those in plasma, and correlations were sought with 

the severity of asthma based on frequency of symptoms and lung function. We postulated that 

sputum zinc concentrations would be lower in asthma. This hypothesis was based on the animal 

studies and the majority of studies in humans demonstrating lower zinc concentrations in the blood 

and hair of subjects with asthma than without asthma (detailed in Chapter 2).   

 

While the previous chapter demonstrated that zinc levels in saliva are negligible, they were measured 

in this study to confirm this finding and to assess if salivary zinc levels were similar in subjects with 

and without asthma.  
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8.1 Materials and methods 
 

Study Design 

This was a cross-sectional, population based study.  

Subjects 

One hundred and fourteen subjects with asthma, defined by either a self reported doctor diagnosis, or 

the presence of episodic symptoms with bronchodilator reversibility noted on spirometry and/or a 

positive saline challenge test (characterised by a fall in FEV1 of >15% from baseline (PD15))(82), and 

49 subjects without  asthma defined by the absence of  the above, were recruited from the NWAHS 

cohort (Table 8.1). They were assessed in a single visit with a clinical questionnaire sputum induction 

with hypertonic saline and a blood sample. Investigators were blinded to the grouping of the subjects. 

Salivary zinc was measured in a subset of these subjects (n=9 with asthma and n=9 without asthma).  

 

Materials. 
 

The materials used in this study are described in Chapters 3 and 7. 

 

Methods 
 

The procedures used are described in Chapter 3. All sputum cell counts and sputum zinc 

measurements were performed independent to and blinded to clinical details and subject grouping.  

Measurement of labile zinc in induced sputum, plasma and saliva by Zinquin 

fluorometry 

The concentration of labile Zn in the induced sputum supernatant (fluid phase), plasma and saliva 

was determined by fluorescence with Zinquin as described in Chapter 7. 
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Measurement of total zinc concentrations in plasma and sputum supernatant and 

sputum blanks by Atomic Absorption Spectrophotometry(AAS) 

Total Zn in plasma and sputum samples were measured by absorption at 214 nm in a PE 3030 

Flame Atomic Absorption Spectrometer with a graphite furnace as described in Chapter 7.   

 

 

8.2 Statistical Analysis 
 

Normally distributed data were expressed using arithmetic mean and standard deviations and non-

normal distributed data as median and interquartile range (IQR). Differences between the groups 

were determined using a paired t-test for normally distributed and log transformed data where 

possible, or the Wilcoxon Rank test for data not normally distributed. Correlations were expressed 

with the Pearson’s correlation coefficient for normally distributed data and the Spearman’s correlation 

coefficient for data that was not normally distributed. Significance was accepted at a p of < 0.05.  

Statistical analysis was performed with SPSS Windows ® Version 10.0 (SPSS Inc., Chicago, IL).  

 

 

8.3 Results 
 

Table 8.1 outlines the baseline characteristics for the subjects with and without asthma defined as 

described above. Subjects with asthma had a significantly lower baseline FEV1 (both in litres and % 

predicted) and increased bronchial hyper-responsiveness (measured by PD15) compared with 

subjects without asthma.   
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 Zinc concentrations in saliva 
 

Salivary zinc concentrations were very low and similar in both groups: asthma (n=9) vs no asthma 

(n=9) 0.0 (0.80) vs 0.0 (1.18) μmol/L, p=0.73. 

 

Zinc concentrations in sputum  

Total and labile sputum zinc  

 

Total and labile sputum zinc concentrations were significantly lower in subjects with asthma 

compared to those without asthma: total zinc median (IQR): 0.49 (1.8) vs 0.77 (2.9), p=0.02; 

labile zinc: 0.0(0.74) vs 0.4(1.3), p=0.05 (Table 8.2). They were similar in subjects with asthma 

on inhaled corticosteroids and long acting beta 2 agonists compared with those on no 

medication (Table 8.3(a)). Undetectable labile sputum zinc measurements were noted in 41% 

subjects with asthma compared to 27%  of subjects without asthma. 

 

 Relationship of sputum zinc concentrations with frequency of symptoms and lung 

function in asthma and asthma severity measured by NAC (2006) criteria 

 

No association was seen between total sputum zinc concentrations and increasing frequency of 

symptoms or worsening lung function as measured by FEV1 (Table 8.4). Significantly lower labile zinc 

concentrations were associated with increasing severity of FEV1 and increasing severity of asthma 

measured by NAC (2006) criteria (Table 8.4, Figure 8.1). Significant correlations were noted between 

FEV1 and labile sputum zinc (r=0.27, p=0.008, n=95) and between asthma severity and labile sputum 

zinc (r=-0.23, p=0.028, n=95). 
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Zinc concentrations in plasma 

Total and labile plasma zinc 
 

Total and labile plasma zinc concentrations were significantly higher in subjects with asthma 

compared with those without asthma (Table 8.2). They were similar in subjects with asthma on 

inhaled corticosteroids and long acting beta 2 agonists compared with those on no medication (Table 

8.3(b).  

 

Relationship of plasma zinc to frequency of symptoms and lung function in asthma 

and asthma severity measured by NAC (2006) criteria. 

Increasing frequency of symptoms in asthma was associated with a strong trend towards 

increasing total plasma zinc concentrations (p=0.065) and was mirrored with worsening lung 

function in asthma (p=0.015) (Table 8.4(a)). No relationship was noted between increasing 

severity of asthma, and total (r=-0.16, n=111, p=0.09) or labile plasma zinc concentrations 

(r= 0.02, n=87, p=0.89). (Table 8.4(b)) 

  

Sputum total and cell differential counts  
 

Sputum total and differential cell counts were similar in subjects with asthma and those without apart 

from viability which was significantly lower in the former (Table 8.5). In subjects with asthma, 

worsening lung function (r=0.74, n=112, p=0.00) and increasing severity of asthma (r=0.28, n=95, 

p=0.007)were significantly associated with increasing neutrophil counts (Table 8.4,Figure 8.1). 

Significant correlations were not present between plasma or sputum zinc levels and sputum total and 

differential cell counts (Table 8.6(a)) in subjects with and without asthma (Table 8.6(a) and (b)). 
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8.4 Discussion 
 

This is the first study, to our knowledge, to report markedly lower total and labile zinc concentrations 

in the sputum of subjects with asthma compared with those without asthma. Furthermore, increasing 

severity of asthma based on FEV1 criteria or NAC (2006) criteria(8), was associated with significantly 

lower sputum labile zinc concentrations.  

 

There is growing evidence that asthma is associated with a zinc deficient state (49). Zinc deficiency 

promotes airway inflammation by altering various aspects of the normal and innate immune response.  

Zinc deficiency is known to increase the production of T Helper 2 cytokines involved in inflammation 

and asthma(287), increase apoptosis or programmed cell death of airway epithelial cells which results 

in rapid cell shedding and turnover and compromised barrier function(196). Inflammatory cells, 

including eosinophils, neutrophils and mast cells, key players in AI, are zinc rich(196, 288) (289, 290), 

and the loss of these cells via the airway lumen in mucus , may result  in significant zinc loss. It has 

yet to be determined whether a fall in zinc levels promotes inflammation in asthma or whether the fall 

in zinc levels is a secondary manifestation of ongoing airway inflammation. Both may co-exist.   

 

Significantly higher total and labile plasma zinc concentrations were noted in subjects with asthma  

compared with those without asthma (Table 8.2). This result, while confirming the findings of 2 

previous population based studies, differs from most studies that demonstrate lower  plasma zinc 

concentrations in asthma (49). Taken together, the low sputum and comparatively high plasma zinc 

levels demonstrated in subjects with asthma in this study may reflect compartmental fluxes. The 

pathway of the flux is yet to be determined but the following are postulated: initially, with acute airway 
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inflammation, there may be a “block” to zinc loss from airway epithethial cell, reflected by low sputum 

zinc levels and concurrent high plasma zinc levels. Zinc loss from the airway epithelial cell into the 

airway lumen may be inhibited by zinc transporter proteins. These proteins may also impair uptake 

and compartmentalisation of zinc into the airway epithelial cell. Knoell and colleagues have recently 

demonstrated upregulation of the zinc SLC39A8 transporter in airway epithelial cells protects the cell 

from apoptosis in acute lung injury(291), and there may be similar mechanisms in asthma. We are 

currently looking at the expression of a range of ZIP and CDF zinc transporters in AE of normal and 

inflamed airways from mice and humans.  

 

Over time, if the inflammatory process continues unabated, and airway epithelial cells are shed with 

the inflammatory process, we postulate that zinc levels may rise initially in sputum and then fall, as 

overall body zinc stores are depleted. In response to this, zinc may leach out of  tissue cells into the 

plasma extracellular space in order to maintain homeostasis.  It is not known what happens to sputum 

zinc concentrations in asthma during exacerbations or episodes of poor control. One may postulate 

that zinc concentrations may rise acutely during exacerbations, but return to baseline levels with the 

resolution of symptoms. They may also fall below baseline levels if body zinc stores are not repleted 

through the diet during and following periods of exacerbation, leading to an overall zinc deficient state. 

Further studies are required to examine these hypotheses. Measuring zinc in airway cells will be 

helpful in clarifying this process. 

 

Increasing frequency of symptoms and declining FEV1 were associated with increasing total plasma 

zinc concentrations, and a trend towards lower labile plasma zinc concentrations (Table 8.4). It may 

be postulated that this reciprocity reflects the maintenance of zinc homeostasis during progressive 
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airway inflammation, with labile zinc moving from plasma into the airway, and in response, zinc from 

body tissues mobilised into fixed stores in plasma (mirrored in the rising total plasma zinc 

measurements). Interestingly, unlike plasma zinc, while labile sputum zinc concentrations fell with 

worsening lung function and increasing severity of asthma, total sputum zinc concentrations did not 

demonstrate a clear relationship. Possible explanations for this discrepancy between plasma and 

sputum zinc measurements with respect to lung function include sample size, with sputum zinc 

measurements requiring a larger subject sample to detect change. Secondly, compartmental fluxes in 

zinc may equilibrate more rapidly in plasma than in sputum possibly providing an explanation for our 

results. Lastly, the measurements of total and labile zinc may be subject to less variability (smaller 

coefficient of variation with the test) in plasma than in sputum for reasons that are yet to be 

elucidated. 

 

The similar total and differential cell counts in subjects with and without asthma (Table 8.5), lend 

support to a previous epidemiological study demonstrating  that in the community, induced sputum 

eosinophil cell counts in subjects reporting asthma were most often within the normal range and not 

sufficiently abnormal to be useful in validating a diagnosis of asthma(161). A robust relationship was, 

however, observed between declining FEV1 and increasing sputum neutrophil counts, and between 

increasing severity of asthma, based on NAC (2006) criteria, and increasing sputum neutrophil 

counts. These findings support previous studies where sputum neutrophilia was associated with more 

severe asthma and non steroid responsive asthma (152, 158, 159, 280, 292).  Surprisingly unlike 

earlier studies, an association was not demonstrated between sputum eosinophils and asthma 

symptoms, lung function or asthma severity (158, 159, 162, 280).  

 



170 

 

Assessment of zinc status has included measuring concentrations in plasma, hair and 

bronchoalveolar lavage fluid (BAL)(46, 293).Plasma and hair measurements reflect total body zinc 

concentrations and do not necessarily reflect airway zinc levels. Bronchoscopy with bronchoalveolar 

fluid measurements, on the other hand, provides a direct, invasive method of examining the airway 

milieu and assessing zinc concentrations, but is not without risk to the patient. It is also a tool that is 

not readily amenable to daily use. This study confirms that induced sputum examination provides a 

reliable, non invasive method of measuring airway zinc levels in subjects with and without asthma.  

 

A considerable proportion of subjects had undetectable labile sputum zinc measurements, more 

notable in those with asthma. This may reflect the sensitivity of the Zinquin assay itself or possibly 

abnormalities with zinc transporter proteins as discussed above and in Chapter 7. Airway 

inflammation in asthma results in increased cell death or apoptosis with clearance of the cells and 

consequent zinc loss via sputum. Most subjects in this study had mild to moderate clinically stable 

asthma, and therefore the proportion of negligible labile sputum zinc measurements obtained in this 

study may actually reflect the absence of significant AI in these subjects.  

 

Strengths of this study include the assessor blind, population based study design, which allows the 

results to be generalisable to the wider community of individuals with asthma. The definition of 

asthma used in this study, namely, self reported doctor diagnosed asthma and asthma defined by 

episodic symptoms and the presence of BDR or airway hyper- responsiveness, is broad and reflects 

real life, again making the results generalisable. Possible limitations may include firstly, that the 

findings from this population with predominantly mild to moderate, clinically stable asthma may not 

necessarily reflect the zinc status of individuals with asthma during an exacerbation, with more severe 
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asthma. Furthermore, the average age of subjects with asthma in this population was 55 years which 

may perhaps limit interpretation of the study results to older individuals with asthma.  

 

In conclusion, this study has shown that stable mild to moderate asthma, using  a global definition of 

asthma based on a combination of symptoms, doctor diagnosis, and objective testing, is associated 

with low concentrations of labile and total sputum zinc. Increasing severity of asthma appears to be 

associated with lower sputum labile zinc concentrations and progressive sputum neutrophilia but not 

eosinophilia.  In combination, these findings strongly support the existence of a zinc deficient state or 

defective homeostasis in asthma which appears to worsen with increasing severity of asthma. The 

cross-sectional, epidemiological design of this study, while demonstrating a strong relationship 

between asthma and reduced zinc concentrations in sputum, does not allow assumptions regarding 

causality to be made. Longitudinal studies and randomised controlled studies comparing both total 

and labile sputum zinc concentrations and cell counts in subjects with asthma of varying severity and 

during exacerbations are required to elucidate this association further. 

 



172 

 

Table 8.1: Baseline subject characteristics  
 

         Asthma 

         n=114 

      No asthma 

        n=49 

          p  value 

   Male, n              48             24             0.64 

   Age, years              55 (14)             57 (14)             0. 47 

   Atopy (one or more positive) ,n              73            28             0.33 

   Inhaled steroid, n             34             0             0.00* 

   Long acting beta 2 agonist, n             18             0             0.01* 

   Current smokers 

   Ex smokers 

             7  

             41 

           17 

           13 

            0.88 

            0.21 

   Pre BDFEV1, L 

   Pre BD FEV1 % predicted 

 

           2.8 (0.81) 

           94.2(16) 

           3.0(0.79) 

          103(16.6) 

           0.047* 

           0.002* 

   Bronchodilator reversibility ,%            6.5 (7.3)           3.8 (3.4)             0.015* 

   PD15 mls  

   geometric mean (SD) 
           10 (3.5)           50.1 (2.2)            0.000* 

   

  Mean (SD); *p<0.05; n: number of subjects; BD: bronchodilator; FEV1: forced expiratory volume in 1  

  second;%: percent; L: litres; PD15: provocation dose resulting in 15% fall in FEV1 from baseline; 

  mls: milllitres 
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Table 8.2: Sputum and Plasma zinc concentrations in subjects without and with 
asthma  
 

 
   Zinc concentration,  μmol/L   
 

 
    Asthma 

 

 
No asthma 

 
p value 

   Sputum   

   Total zinc 

 

 

  Labile zinc 

 

 

    0.49(1.8) # 

    n =90 

 

    0.0 ( 0.74)# 

    n=95 

    0.77 (2.9)# 

    n =39 

 

    0.4 (1.3)# 

    n =39 

 

      0.02* 

 

 

      0.05* 

 

 

  Plasma  

  Total zinc 

 

 

  Labile zinc 

 

 

    11.8 (2.8) 

     n= 112 

 

    6.1(3.1) 

    n =87 

 

    11.3 (2.0) 

     n =49 

 

     4.8 (3.2) 

     n =38 

      0.03* 

 

 

      0.04* 

 

Mean (SD); # median (IQR);*p<0.05; n=number of subjects; μmol/L: micromoles/litre 
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 Table 8.3(a): Sputum zinc concentrations on and off medication in subjects with   
asthma.(b) Plasma zinc concentrations on and off medication in subjects with 
asthma. 

 

 

(a) Sputum 
 

          ICS          Yes            No         p value 

Total zinc, μmol/L   

Labile zinc, μmol/L   

        0.67(3.0)             

          0 (1.0)                 

        0.31(1.7) 

        0.15(0.85)           

           0.29 

           0.22 

         LABA 

Total zinc, μmol/L   

Labile zinc, μmol/L   

 

        0.60 (2.7) 

         0(0.86)                

 

        0. 36(1.8 )           

          0(0.86)                

         

           0.46 

           0.84 

 

 
 

(b) Plasma  

  
            ICS            Yes            No         p value 

Total zinc, μmol/L  

 Labile zinc, μmol/L   

        11.9 (3.3)           

         7.2(2.7)              

      11.7(2.0)              

       5.6(3.1)                

         0.45 

         0.63 

          LABA 

Total zinc, μmol/L   

Labile zinc, μmol/L   

 

        10.6(2.0)            

         6.6(2.9)              

 

      12.0(2.9)            

       6.0(3.1)              

 

        0.18 

        0.86 

           

            Median(IQR); μmol/L:micromoles/litre;ICS: inhaled corticosteroid, n=34; 

            LABA:long acting beta 2 agonist,n=18. 
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Table 8.4: The relationship between sputum cell counts,  sputum and plasma zinc  
concentrations in  asthma  and (a) symptom frequency and FEV1,  (b)asthma 
severity.  
 
  

Symptom 

frequency 

Sputum  

(T ) zinc 

 μmol/L 

Sputum 

(L ) zinc 

μmol/L    

Plasma 

(T) zinc 

μmol/L     

Plasma 

(L) zinc  

μmol/L  

TCC  

106/mL 

 

Neut 

% 

Macro 

% 

log Eos 

% 

None 

n=17 

0(1.5)# 0.15# 

(2.4) 

12.3 

(2.3) 

4.7 

(1.8) 

0.66# 

(1.3) 

31 

(26) 

43 

(28) 

0 

(0.1) 

Occasional 

n=82 

0.5# 

(1.8) 

0# 

(0.81) 

11.4 

(2.5) 

6.5 

(3. 2) 

0.8# 

(1.2) 

24 

(19) 

45 

(25) 

0.11 

(0.47) 

Most days 

n= 4 

0.6# 

(3.4) 

0# 

(1.2) 

13.5 

(4.4) 

4.8 

(2.5) 

0.54# 

(2.1) 

33 

(22) 

34 

(25) 

0.25 

(0.47) 

p value 0.80 0.13 0.065 0.04 0.50# 0.38 0.41 0.81 

                                                   
                                                               FEV1 % predicted  
 
>80%  

n=84 

0.52# 

(1.7) 

0.17# 

(1.3) 

11.8 

(2.6) 

6.0 

(3.0) 

0.65# 

(1.0) 

24 

(19) 

48 

(26) 

0.11 

(0.32) 

60-80% 

n=23 

0.15# 

(7.4) 

0# 

(0.21) 

11 

(2.0) 

6.7 

(3.3) 

0.7# 

(1.0) 

29 

(21) 

40 

(21) 

0 

(0.74) 

<60% 

n=5 

0.36# 

(0.72) 

0# 

(0) 

15 

(6.3) 

3.4 

(2.8) 

3.6# 

(1.8) 

68 

(25) 

17.7 

(10) 

0.68 

(0.96) 

p value 0.73 0.02 0.015 0.14 0.01 0.001 0.09 0.18 
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 (b) Asthma severity by NAC (2006) criteria. 

 

Table (a): mean( SD); # median ( IQR); FEV1: forced expiratory volume in 1 second ;(T): total; (L): labile; 

 TCC: total cell count; neut: neutrophil; macro: macrophage; % : percent ; μmol/L: micromoles/litre; 

mL: millilitres .  

 

Table (b): mean( SD); # median ( IQR); n= number of subjects; NAC: National Asthma Council;  

 (T): total; (L): labile; TCC: total cell count; neut: neutrophil; macro: macrophage; % : percent ;  

μmol/L: micromoles/litre; mL: millilitres .  

 

 

Asthma  

severity  

Sputum  

(T ) zinc 

 μmol/L 

Sputum 

(L ) zinc 

μmol/L    

Plasma 

(T) zinc 

μmol/L     

Plasma 

(L) zinc  

μmol/L  

TCC  

106/mL  

 

Neut  

 % 

Macro 

% 

Log Eos 

% 

intermittent  

and mild  

persistent  

n= 73 

0.54 

(1.7)# 

0.16 

(1.6)# 

12 

(2.6)# 

6.0 

(3.0) 

0.68# 

(1.3) 

23 

(18) 

47 

(26) 

0.06 

(0.45) 

moderate  

persistent  

n= 27 

0.15 

(3.3)# 

0 

(0.35)# 

 

11(2.0) 6.6 

(3.1) 

0.7# 

(0.9) 

27 

(20) 

45 

(25) 

0.16 

(0.31) 

severe 

n= 13 

 

0.36 

(2.7)# 

0 

(0.41)# 

12 

(4.6) 

5.4 

(3.1) 

1.2# 

(3.3) 

46 

(33) 

33 

(20) 

0.49 

(0.58) 

p value 0.37 0.04 0.27 0.53 0.50 0.016 0.37 0.108 
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Table 8.5: Sputum total and differential cell counts in no asthma and asthma 

 
        Asthma  

        n= 102 

      No asthma  

      n= 43 

     p value 

Total cell count, 106/mL # 

 

        0.71(1.3)#       0.75(1.3)#         0.51 

Viability, % 

 

        82 (20)       90(11)         0.01 

Log eosinophil count ,%* 

 

        0.12(0.44)       0.07(0.47)         0.62 

Neutrophil count, %* 

 

        26(21)       34(23)         0.06 

Macrophage count, %* 

 

        45.4(26)       45.2(25)         0.97 

Lymphocyte count, % #* 

 

       0(0)#       0(0)#         0.82 

Columnar epithelial cells , % #* 

 

       0(0) #       0 (0) #         0.21 

 

*differential cell count: no asthma, n=39, asthma, n=95 ;Mean (SD);  
    #median (Interquartile Range); n= number of subjects: mL: millilitre;%: percent 
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Table 8.6: Correlations (r) between sputum and plasma zinc and sputum differential 
cell counts in subjects with (a) asthma and (b) no asthma 

 
(a)  

Asthma TCC,  

106/mL 

Eos 

 % 

Neut 

  % 

Macro 

 % 

Lymph 

 % 

Columnar  

 % 

Total sputum 

zinc ,  μmol/L 

0.18 

p=0.09 

n=90 

0.030 

p=0.79 

n=88 

0.014 

p=0.90 

n=87 

0.02, 

p=0.98 

n=87 

0.16, 

p=0.14 

n=88 

0.03, 

p=0.80 

n=76 

Labile sputum 

zinc,μmol/L  

0.06, 

p=0.57 

n=95 

0.038, 

p=0.73 

n=83 

-0.045, 

p=0.68 

n=38 

0.014 

p=0.9 

n=82 

0.037, 

p=0.74 

n=83 

0.007, 

p=0.95 

n=81 

Total plasma 

Zinc,μmol/L   

 

0.17, 

p=0.08 

n=101 

0.090, 

p=0.41 

n=88 

0.13 

p=0.23 

n=89 

0.09, 

p=0.41, 

n=87 

0.004, 

p=0.97 

n=88 

0.33, 

p=0.76 

n=87 

Labile plasma 

Zinc μmol/L   

 

0.18 

p=0.11 

n=83 

0.029 

p=0.79 

n=87 

0.014 

p=0.90 

n=87 

0.09 

p=0.41 

n=87 

0.16, 

p=0.14 

n=87 

0.07, 

p=0.57 

n=70 
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(b)   
 TCC  

106/mL  

 

Eos 

 % 

 

Neut  

  % 

Macro 

 % 

Lymph 

 % 

Columnar 

 %  

Total sputum 

zinc ,  μmol/L 

 

 0.083 

p=0.62 

n=39 

0.15  

p=0.36 

n=39 

0.03 

p=0.86 

n=39 

0.15 

p=0.37 

n=39 

-0.009  

p=0.96 

n=33 

-0.103 

p=0.58 

n=31 

Labile sputum 

zinc,μmol/L  

 

0.088  

p=0.59 

n=39 

0.17  

p=0.09  

n=39 

0.03 

p=0.86 

n=39 

0.12 

p=0.50 

n=39 

0.28  

p=0.89 

n=39 

-0.104 

p=0.58 

n=30 

Total plasma 

Zinc,μmol/L 

   

0.23 

p=0.48 

n=39 

0.14 

p=0.64 

n=39 

0.30 

p=0.07 

n=39 

-0.09  

p=0.60 

n=39 

-0.009  

p=0.96 

n=39 

0.012 

p =0.95 

n =33 

Labile plasma 

Zinc μmol/L   

 

0.16 

p=0.37 

n=35 

0.14 

p=0.39 

n=39 

0.22 

p=0.23 

n=39 

-0.08  

p=0.60 

n=39 

0.03  

p=0.87 

n=39 

0.27 

p=0.20 

n=31 

 

Tables (a) and (b) : r: correlation; n: number of subjects; TCC: total cell count; eos : eosinophil;  

neut: neutrophil; macro: macrophage; lymp: lymphocyte; μmol/L : micromoles/litre 
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Figure 8.1 : Labile  zinc concentrations in sputum  versus neutrophil counts grouped 
by  asthma severity ( NAC 2006) criteria 
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CHAPTER 9 

 
Conclusions and future directions 
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The work in this thesis explored the accepted definitions of asthma and the role of objective measures 

of airway inflammation, namely induced sputum examination and eNO in the diagnosis of asthma in a 

community cohort. It also examined the perception of dyspnoea in subjects with and without airway 

hyper-responsiveness. Finally, methods to measure sputum zinc, increasingly considered to be an 

important inflammatory mediator in asthma, were optimised and applied to subjects with and without 

asthma from the same community cohort. 

 

The findings confirm that asthma remains primarily a clinical diagnosis. Bronchodilator reversibility 

noted on spirometric criteria, airway hyper-responsiveness with a hypertonic saline challenge test, 

sputum eosinophilia on IS examination and a raised eNO measurement alone are insufficient to 

screen for, and to diagnose asthma in the community due to the poor sensitivity of these tests. 

Bronchodilator reversibility (BDR) is, nevertheless, the most specific test to aid a clinical diagnosis of 

asthma in the community, with the hypertonic saline challenge test having limited discriminative 

properties for the same purpose. The role of IS and eNO in the community relates to quantifying the 

underlying AI in asthma. An eNO measurement provides a global assessment relatively simply, while 

IS delineates the subtype of AI present to guide future investigations and management. While this 

thesis illustrates that a single IS and eNO measurement does not diagnose asthma, previous studies 

have demonstrated that the strength of these tools lie in monitoring AI longitudinally(37, 38). Sputum 

cell counts identify different aspects of AI which have different causes and can result in different 

clinical effects(31). Sputum eosinophilia is characteristic of atopic asthma and is steroid responsive. 

Non eosinophilic asthma, predominantly due to respiratory viral or bacterial infections, is generally not 

steroid responsive and alternative therapies may be required(31, 152, 294).   
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Exhaled nitric oxide, given its high specificity and ease of use, holds promise as a clinically useful tool 

in supporting a doctor diagnosis of asthma in the community, more so than induced sputum 

examination.  As more simplified and economical eNO analysers become available, eNO may provide 

a viable alternative to spirometry with BDR to validate a clinical diagnosis of asthma in the adult 

community, especially in the General Practioner’s surgery. Larger case controlled epidemiological and 

cross sectional studies are required to explore this. Contrastingly, in order for IS to be feasible in the 

community, research needs to be directed towards simplifying the induction process and the 

methodology, which currently requires time, laboratory space and staff. Future directions for sputum 

analysis include producing a kit which allows sputum sample processing to commence outside the 

laboratory, and efforts to automate the differential cell counts. Alternatively there may be chemical 

patterns found in sputum and in the exhaled breath condensate that can provide an estimate of 

cellular distributions.  

 

A significant association was not demonstrated between perception of dyspnoea (POD) and 

underlying AI as measured by IS eosinophilia in subjects with and without AHR. It therefore cannot be 

used as a surrogate marker of AI in the community setting.  In normal subjects without AHR, an 

unambiguous relationship was demonstrated between increased POD and eNO. The significance of 

this is uncertain, and needs to be interpreted with caution given the small sample size and the 

likelihood of this association being due to chance alone. It, however, raises the possibility that these 

subjects may have another source of inflammation apart from the airway, or may develop asthma in 

the future. Exhaled nitric oxide measurements may also reflect non eosinophilic AI. Longitudinal 

studies are required to firstly, determine if subjects without AHR and with increased POD and eNO 

levels develop AHR and overt asthma over time. Secondly, to determine if, clinical outcomes 

(frequency of respiratory symptoms, lung function, and quality of life) and sputum inflammatory 
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phenotypes vary in these ‘healthy controls’ with increased POD and eNO levels compared to those 

with normal POD and eNO levels. In extending this work, studies with a larger sample size are also 

required to clarify if a relationship does indeed exist between POD and eNO levels in subject with 

asthma. If present, eNO measurements may provide a viable method of assessing POD and possibly 

the underlying AI accurately.  

 

This work has also highlighted the need for simple methods and tools with which to assess POD         

accurately in the community. A considerable proportion of subjects with asthma (20% in this study) 

over or under perceive their breathlessness which may lead to mis-diagnosis and subsequent over or 

under self- treatment and management by their medical practioners. It would be clinically relevant, for 

example, to determine whether POD measured by bronchoconstriction is equivalent to POD 

measured by bronchodilatation. If this is so, then spirometry with bronchodilator reversibility may be a 

useful tool with which to identify patients with altered POD (i.e.hypo-perceivers). These patients could 

then be monitored closely and encouraged to use Peak Expiratory Flow meters regularly as part of 

their asthma management plan.  Education initiatives directed at both patients and their health 

providers in raising the awareness of this issue would be beneficial.  

 

Induced sputum examination, as demonstrated by this thesis, lends itself to the measurement of 

airway zinc.  Reduced sputum zinc levels were demonstrated in subjects with asthma compared with 

subjects without asthma.  To date, the cause of low zinc levels in asthma remains unclear. Asthma 

may be associated with a low zinc state which may subsequently initiate and promote AI. 

Alternatively, the ongoing underlying AI in asthma may either trigger zinc loss or inhibit zinc loss from 

the airway as evidenced by low sputum zinc levels. If this hypothesis is correct then sputum zinc 
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levels may be proportional to the duration of asthma in an individual.  Further studies are required to 

clarify and establish these causal links conclusively, both in animal models and in humans. More 

laboratory based studies delineating the zinc pathway and zinc homeostasis, especially with respect 

to loss of airway zinc are necessary. Key areas of research include studies elucidating the zinc 

transporter polymorphisms, of note ZIP 1 and ZIP14, and their role in the uptake of ingested zinc, the 

absorption of zinc into individual cells and the excretion of zinc from those cells. Studies correlating 

zinc transporter protein expression with plasma and sputum zinc levels in subjects with and without 

asthma are required. Subjects in the NWAHS cohort have recently given approval for their blood 

sample to be used for these genetic studies.  

 

New techniques for measuring airway intracellular zinc have been developed in our laboratory and 

are currently being optimised. Previous work and the work from this thesis suggest that total and 

labile zinc measurements reflect different body compartments. Secondly, that labile zinc 

measurements are more sensitive to change in zinc status than total zinc measurements. It is 

however, important to measure both total and labile zinc in sputum and blood in any prospective 

studies of asthma to assess the role of total versus labile zinc measurements more fully. Studies 

measuring total and labile zinc levels in other body compartments simultaneously to the airway, both 

in animal models and in subjects with and without asthma, are also required to confirm the sputum 

and plasma zinc results obtained in this thesis and the postulated homeostatic mechanisms. These 

future directions in conjunction with genetic studies and the measurement of zinc in body fluids 

including sputum, should provide the tools with which to explicate the role of zinc in the airway and in 

asthma. 
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Finally, clinical studies are necessary clarify the function of zinc in asthma. Longitudinal studies would 

be useful to assess sputum and plasma zinc levels in subjects during periods of asthma stability and 

during exacerbations, and to correlate sputum zinc levels with clinical, physiological and inflammatory 

outcomes such as symptoms, quality of life, lung function, sputum cell counts and eNO 

measurements. Randomised, placebo controlled trials assessing the response of these same clinical 

and inflammatory outcomes to zinc supplementation in asthma would also provide insight.  

 

Thus, asthma despite much debate is still best characterised by a combination of episodic symptoms, 

variable airflow limitation and underlying AI. Tools and methods which measure each of these 

components accurately are required to optimise management. Induced sputum examination and eNO 

have a niche role in the community at present. Research targeted at simplifying these techniques and 

their associated costs is likely to increase their availability and beneficial use in the community. 
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Appendices 
Appendix 1: The Respiratory Section of the North West 
Adelaide Health Questionnaire.  
 

a1172507
Text Box
 
                                      NOTE:  
   The appendices are included on pages 187 - 195 of the print copy of the thesis held in the University of Adelaide Library.
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