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Thesis Summary 
 

Introduction 
Development and growth of the lungs spans from the antenatal period, through 

childhood and adolescence and into early adulthood. Lung function measurements 

in healthy individuals reach a peak during their early 20s, followed by a plateau 

and then slow natural decline with ageing. A lower peak in lung function during 

early adulthood is associated with increased respiratory symptoms, non-respiratory 

co-morbidities, such as cardiac disease, and earlier mortality in later life. 

Identifying pathogenic insults or protective traits during lung development may 

lead to the generation of early disease prevention strategies and subsequent 

lifelong health benefits.  

 

An important step in identifying causes of developmental insults is first 

understanding normal lung development. Lung function testing is an objective way 

of measuring lung and airway growth and various techniques can be performed by 

infants, children and adults. Longitudinal assessments of lung function allow 

measurements of lung and airway development to be tracked in individuals and 

offers the opportunity to identify factors associated with deviations in the normal 

tracking of lung function. 

 

This thesis is based on the 24 year assessment of the Perth Infant Asthma Follow-

up (PIAF) cohort, a longitudinal birth cohort study with detailed respiratory and 

immunological assessments throughout infancy, childhood, adolescence and early 

adulthood. This is one of only two studies worldwide to track lung function from 

infancy into adulthood in a general population cohort, therefore the factors which 

affect this tracking are not fully understood. Common conditions such as atopy and 

asthma and environmental exposures such as tobacco smoke may alter lung 

function trajectories over time.  

 

Therefore the aims of this thesis are: 

1.  To describe normal lung development and the factors which influence this, 

by detailed literature review. 
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2. To identify gaps in the current knowledge of factors which modify normal 

lung development, both in utero and post-natally. 

3. To track lung function from infancy into adulthood of those with specific 

conditions which may alter lung development, such as asthma or atopy.  

4. To measure the impact of tobacco smoke exposure on lung development 

and assess genetic factors which may modify this. 

5. To examine the relationships between prevalence rates of asthma, allergy 

and other atopic disorders throughout childhood in a single cohort. 

   

Methods 
Between 1987 and 1989, 253 subjects were recruited antenatally from an urban 

maternity hospital in Perth, Western Australia for the PIAF study. There was no 

pre-selection based on family history of asthma or allergies. Infants were excluded 

if they were born pre-term (<37 weeks gestation) or had any significant respiratory 

illnesses in the first month of life. Follow-up assessments were performed at 1 

(n=243), 6 (n=197) and 12 months (n=172), 6 (n=123), 11 (n=194), 18 (n=142) 

and 24 years (n=151) of age.  

 

Assessments for the 24 year follow-up of the cohort, on which this thesis is based, 

included spirometry, airway responsiveness testing by histamine challenge, skin 

prick testing, serum IgE analysis and a respiratory questionnaire. Similar testing 

was performed at all earlier assessments, however lung function testing during 

infancy involved the rapid thoraco-abdominal compression technique under 

sedation, rather than spirometry. DNA analysis was also performed at the 6- and 

11-year assessments. The questionnaires covered topics including respiratory 

symptoms, asthma, allergy symptoms, family history, passive and active smoke 

exposure, infant feeding, household pets and daycare attendance. Statistical 

analyses of the longitudinal data included using generalised estimating equation 

which incorporates within-subject and between-subject variation within a 

population longitudinally, and linear mixed models which assess the correlation of 

an individuals’ measurements over time. 
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Results from the 24 year assessment 
Lung function measurements reflective of airway function from early childhood 

(6 years of age) to early adulthood (24 years of age), correlated with infant lung 

function measurements at just 1 month of age. Lung function measurements 

reflective of lung size, from childhood into adulthood, did not correlate with the 

infant lung function measurements in this cohort.  

 

 In utero tobacco smoke (ITS) exposure and maternal history of asthma were 

associated with reduced lung function at 1 month of age and the negative effect of 

ITS exposure on lung function persisted until early adulthood. The lung function 

deficits associated with ITS exposure were particularly evident in measurements 

of lung size.  

 

Serum glutathione s-transferase (GST) levels, enzymes involved in xenobiotic 

detoxification, are determined by GST genotype. Genotypes associated with 

higher GST levels were protective against some of the harmful effects of ITS 

exposure on lung function in infancy and this protective effect persisted into 

adulthood in this cohort. 

 

Those with asthma at 24 years of age had persistently lower airway function 

measurements from soon after birth, with a 40% deficit at 1 month of age compared 

to those who did not have asthma at 24 years. There was no significant difference 

in infant lung function at 1 month of age between those who had childhood asthma 

which had resolved by the time they were 24 years old and those who never had a 

diagnosis of asthma.  

 

Atopy in the first year of life was associated with reduced lung function, airway 

function and lung size measurements, persistently from early infancy into 

adulthood, while atopy that developed later during childhood had no relationship 

with lung function at any stage. 
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Prevalence of conditions related to atopy such as hayfever, eczema and asthma 

varied throughout childhood with a rapid increase in allergic sensitisation and 

hayfever during adolescence. Although asthma and eczema are considered to be 

atopic disorders, prevalence rates between these two conditions and allergic 

sensitisation did not correlate over time. 

Limitations of this study included the relatively small size of the original cohort 

and the inevitable loss of subjects to follow-up over the decades, which could lead 

to some retention bias. Therefore, negative findings should be interpreted with 

caution. 

 

Conclusion 
This unique assessment, tracking lung function from infancy into adulthood and 

the identification of genetic, environmental and physiological factors which impair 

or enhance lung development throughout the crucial phases of growth, has 

revealed several important features.  

 

Firstly, airway structure appears to be stable throughout lung development, while 

lung growth is more variable. This unique finding suggests that a stable airway 

structure is laid down in utero and this persists throughout lung growth. However, 

lung size is more susceptible to post-natal environmental exposures and possibly 

modifiable by environmental manipulation, such as improved nutrition or better 

air quality. 

 

In utero tobacco smoke exposure has long-term detrimental effects on lung growth 

which persist into adulthood. Yet there may be some genetic predispositions, 

particularly along anti-oxidant pathways, which counteract these harmful effects 

and this offers the possibility of intervention to protect vulnerable at-risk infants. 

 

Asthma and atopy are both independently associated with reduced lung function, 

which persists from infancy into adulthood and puts these groups at increased risk 

of both respiratory and non-respiratory morbidity and mortality in later life. 
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A greater understanding of lung development, and the factors which impact this, 

may lead to the development of primary prevention targets and the prevention of 

lifelong respiratory diseases.   
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Chapter 1: 

 

Introduction and Aims 

 
This simple but insightful poem by William Wordsworth holds an important truth. 

The child is the forerunner to his adult self, not just psychologically but also 

physiologically. Increasingly, the important role of paediatric medicine and 

paediatric research in disease prevention in adulthood is being recognised.  

 

This thesis is based on the 24 year review of the Perth Infant Asthma Follow up 

(PIAF) study, a longitudinal respiratory birth cohort study. From the moment of 

birth, the lungs are crucial for survival, transferring vital oxygen from the air into 

the blood stream. Unfortunately, insults during lung development can lead to 

lifelong respiratory compromise. Chronic incurable respiratory conditions such as 
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chronic obstructive pulmonary disease (COPD) and asthma are some of the most 

common debilitating diseases worldwide, accounting for significant morbidity, 

mortality and health-care costs. Research shows that both of these diseases have 

developmental origins in early life making the early years a critical period for 

understanding how to prevent these chronic illnesses from developing. A better 

understanding of normal lung development and the factors which negatively affect 

this may lead to disease prevention by risk factor minimisation or avoidance.  

 

The PIAF study has followed participants from antenatal recruitment, throughout 

infancy and childhood, into adolescence and now early adulthood. Respiratory 

assessments, including detailed lung function testing, have been carried out at 

critical developmental time points throughout this time, spanning the whole post-

natal lung development period. Information on genetic, environmental and 

physiological variables have been collected prospectively, providing a 

comprehensive assessment of lung development and the factors which may affect 

this, offering an ideal platform for investigating the links between early life 

environment and adult respiratory health. 

 

The author performed all the 24 year assessments including ethics submissions, 

participant contact and recruitment, data collection, lung function and skin prick 

testing, blood collection, data input, data analysis and manuscript writing. Previous 

investigators performed earlier assessments of the PIAF cohort in infancy, 6, 11 

and 18 years of age and some of their results are included in the longitudinal 

analysis in this thesis. All data that have previously been published are referenced 

appropriately. 

 

This thesis is presented as a series of papers.  The literature review (Chapter 2) sets 

out the current understanding of longitudinal lung function from infancy into 

adulthood, how early life risk factors can predict respiratory outcomes later on and 

the natural history of respiratory symptoms in childhood. Gaps in this knowledge 

are highlighted throughout the literature review and then addressed in the body of 

the thesis. An appendix section identifies and compares all the other paediatric 
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longitudinal respiratory cohorts worldwide. In order to minimise repetition, the 

Methods Chapter (Chapter 3) contains more detail of the PIAF cohort and 

recruitment than is included in the subsequent manuscripts, but does not go into 

detail of the various procedures that are covered in the papers.  The Population 

Demographics and General Results chapter (Chapter 4) includes population 

demographics and results from the 24 year follow-up not included in the 

subsequent manuscripts. Five papers have either been published or have been 

submitted to journals and are awaiting review. Each paper is preceded by a 

preamble, to introduce the topic and its context for the thesis as whole. Several 

chapters are followed by an unpublished supplementary section, in response to the 

PhD reviewers’ comments.  

 

The first paper (Chapter 5) is a longitudinal analysis of lung function in the PIAF 

cohort from 1 month to 24 years of age and identifies a number of factors 

associated with changes in lung function trajectory throughout childhood. This 

paper was published in Pediatric Pulmonology in August 2018. The second paper 

(Chapter 6) specifically looks at participants with asthma and tracks their lung 

function from infancy into early adulthood. This paper was published in 

Respirology in 2017. The third paper (Chapter 7) expands on findings from the 

first longitudinal paper, focusing on lung function and clinical outcomes for those 

with infant atopy. This paper has been published as a peer-reviewed research letter 

in the Journal of Allergy and Clinical Immunology. The fourth paper (Chapter 8) 

examines the impact of in utero smoke exposure on lung function throughout 

childhood into adulthood and the effects of genotype on this and has been accepted 

for publication by the American Journal of Respiratory and Critical Care 

Medicine in January 2019 and is available online. The fifth paper (Chapter 9) 

details the prevalence of asthma, atopy, hayfever and eczema throughout the 

cohort and the relationship between these disorders. This paper has been published 

in the Journal of Asthma and Allergy in August 2018 and is available by Open 

Access. In a concluding review chapter (Chapter 10), the results from all of these 

papers are drawn together in the context of previous research. The 24 year 

questionnaire is included as Appendix 2. 
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Aims of the thesis 
1. To describe normal lung development, and the factors that influence this, 

by detailed literature review. 

2. To identify novel factors that modify normal lung development, both in 

utero and post-natally. 

3. To track the lung function of those with specific conditions, such as asthma 

or atopy, throughout infancy and childhood into early adulthood. 

4. To measure the impact of tobacco smoke exposure on lung development 

and assess the effect of protective genes on this. 

5. To examine the relationships between prevalence rates of asthma, allergy 

and other disorders related to atopy throughout childhood in a single cohort. 
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Chapter 2: 

Literature Review 
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Introduction  
Humans’ lungs grow and develop for the first two decades of life 1. Early childhood 

has been identified as a critical period for determining lifelong lung health 2-4. 

Asthma and chronic obstructive pulmonary disease (COPD), the two most 

common chronic respiratory illnesses in developed countries, have both been 

associated with childhood risk factors and exposures such as early respiratory 

infections, early atopy and tobacco smoke exposure 5-7. One of the difficulties in 

assessing the links between early childhood and chronic disease in adulthood, is 

that childhood factors are either assessed retrospectively, with a risk of recall bias, 

or they require follow-up for several decades. Ideally, longitudinal studies are 

needed to follow respiratory development from birth to adulthood, both in the 

presence and absence of these factors, in order to fully assess their impact. 

Longitudinal studies that follow a set population from a young age into adulthood 

have been fundamental in revealing the natural course of respiratory disease.  For 

example, piecing together several longitudinal studies demonstrates that lung 

function is reduced in children with asthma and this deficit tracks into adulthood 
8-10. This has important repercussions, as reduced lung function in early adulthood 

is a strong predictor of COPD in later life and is an independent risk factor for 

respiratory, cardiac, neoplastic and stroke related mortality 11-13.   

 

Identifying the critical factors that may alter the trajectory of lung development 

during childhood will allow for targeted early intervention or risk factor avoidance 

in order to prevent these deficits from occurring.  

  

Longitudinal analysis of lung function from infancy to 
adulthood 
Early lung development 
During lung development, the lung architecture is laid down in the antenatal period 

in the embryonic, pseudoglandular, canalicular and saccular phases, as the 

primitive airways become more specialised through lengthening, branching and 

differentiation of the respiratory epithelium and finally the differentiation of 

alveolar cells from 29 weeks gestation 14,15. This alveolarisation continues 

postnatally, possibly until adolescence 16. Although there is no further airway 
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branching post-natally, the airways continue to grow in length and diameter as lung 

growth follows somatic growth 1. Lung function testing is used to measure both 

airway function and lung size and is also a marker of lung health.  

 
Lung function assessment in infancy 
Several techniques are available for the assessment of lung function in infants. 

These techniques are frequently used in the research setting, however they are less 

often used in the clinical setting, due to uncertainty of their ability to diagnose 

respiratory conditions or predict future outcomes 17. Lung function testing in 

infancy generally requires the use of a moderate hypnotic agent such as chloral 

hydrate, as in light sleep the infant can produce artefacts by involving the upper 

airway. The need for sedation also limits use of the testing 18. 

In the 1980s, as in the Perth Infant Asthma Follow-up (PIAF) study, lung function 

in infancy was measured using the tidal rapid thoraco-abdominal compression 

(RTC) technique 19. This involved a non-expansile jacket being placed around the 

infant’s thorax and abdomen. An inflatable inner jacket which could rapidly inflate 

to a set pressure was placed inside the outer jacket. Rapid inflation at the end of 

normal inspiration compressed the infant’s chest producing a forced exhalation. 

Increasing the inflation pressure increased the transthoracic pressure and therefore 

increased the expiratory air flow up to an individual’s limit. This limit, flow 

limitation, meant any further increase in jacket pressure would not increase 

expiratory airflow as it was higher than the closing pressure of the airways. A 

partial forced expiratory flow loop was produced. Flow at functional residual 

capacity (V̊max FRC) is the most commonly reported variable for this technique. 

Infants can have breath to breath variability in their functional residual capacity 

(FRC), therefore this technique could only be attempted during stable tidal 

breathing following a minimum of five tidal breaths with a stable end-expiratory 

level. Acceptability criteria included a rapid rise to peak expiratory flow, flow 

extending past FRC and the absence of glottic closure or inspiration before full 

exhalation was complete. 
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A newer technique has emerged since then that involves inflating the infants’ lungs 

prior to jacket compression, the raised volume rapid thoraco-abdominal 

compression technique (RVRTC) 20. This is now the standard for measuring forced 

expiratory flow in infants and is used in more recent studies 18,21. Using this 

technique, forced vital capacity (FVC), forced expiratory volume per unit time 

(FEVt) and forced expiratory flow at 25-75% of FVC (FEF25–75%) can be reported. 

As the majority of infants have reached FVC in less than 1 second, forced 

expiratory volume in 0.5 seconds, FEV0.5 is reported. These measurements are 

independent of the breath-to-breath variability in FRC which is often seen in 

infancy. 

 

Non-interventional tidal breathing can also be measured in infants and is especially 

useful in neonates under 8 weeks of age being assessed without sedation. 

Parameters which can be measured include time to peak tidal expiratory flow as a 

proportion of total expiratory time (tPTEF/tE), minute ventilation (V'E) and mean 

inspiratory flow (VT/tI), which provide information on the pattern and magnitude 

of tidal breaths 22. 

 

Lung function assessment in children and adults 
Assessment of lung function using spirometry can be used from approximately 

five or six years of age, in most co-operative children 23. Acceptability and 

reproducibility of the manoeuvres improves with age and a similar technique is 

used throughout childhood and adulthood 24.  

Spirometry uses forced expiratory manoeuvres. This involves the subject inhaling 

to a maximum (total lung capacity) and then exhaling as hard and as fast as possible 

to residual volume. End of test criteria for adults include a minimum forced 

expiratory time of 6 seconds.  Children have smaller lung volumes and therefore 

shorter exhalation time and so a plateau on the volume-time curve is accepted as 

indication that exhalation to residual volume has occurred 25. Reported variables 

include forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1), 

FEV1/FVC ratio, forced expiratory flow between 25-75% of FVC (FEF25-75%) and 

peak expiratory flow rate (PEF). At least three acceptable manoeuvres are required 
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and the largest FVC and the largest FEV1 are recorded 25. FVC is reflective of lung 

size, FEV1/FVC and FEF 25-75% are reflective of airway function and flow, and 

FEV1 is reflective of both lung size and airway function. Various reference ranges 

are available for comparison of lung function results. The multi-ethnic Global 

Lung Initiative reference values released in 2012 are currently the most 

comprehensive reference values for children 1.  

  

Lung function tracking from infancy to early adulthood 
Longitudinal cohort studies from birth have shown that lung function in healthy 

individuals’ tracks from early infancy throughout childhood. However, only two 

studies thus far have included infant lung function with follow-up past childhood. 

In the PIAF study, in a general population cohort (n=253), lung function in the first 

year of life tracked through to late adolescence at 18 years 26. V̊maxFRC at 6 and 

12 months of age correlated significantly with FEF25-75% at 18 years, a 

measurement of airway function (r=0.28, p <0.05 at 6 months and r=0.26 p<0.05 

at 12 months). Those with the highest lung function in infancy retained this 

advantage compared with the rest of the cohort up to 12 years of age 26,27.  In the 

Tucson Children’s Respiratory Study, again a general population cohort, lung 

function in infancy (n=123) was linked to lung function up to 22 years of age. 

V̊maxFRC at 2 months of age correlated with FEV1, FEV1/FVC and FEF25-75% 

from 11 to 22 years 28.  Further expansion of the correlation between lung function 

in infancy and specific components of lung growth in adulthood have not yet been 

reported, but these two studies certainly suggest the foundations of adult 

respiratory lung function are laid down by early infancy. 

 

Lung function trajectories in childhood 
Measurements of lung function reach a peak in early adulthood, between 18 and 

26 years, followed by a plateau and then a natural decline during adulthood as lung 

elasticity is lost 29. Abnormal deficits in the lung function trajectory can occur due 

to reduced lung growth in utero or childhood, an early decline in early adulthood, 

an accelerated decline in adulthood, or a combination of these 30  (Figure 2.1). 
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Reduced lung function in early adulthood is a risk factor for COPD and all-cause 

mortality in adulthood. This makes maximising lung growth during childhood an 

important target when it comes to improving health in adulthood 13,31.  

 

Figure 2.1 

 

Patterns of growth and decline in lung function in persistent childhood asthma. 

McGeachie et al. Reproduced with permission from New England Journal of Medicine 
32, Copyright Massachusetts Medical Society. Figure modified from original by Speizer 

and Tager 33  

 

In the PIAF study, factors that altered the trajectory of airway function from 

infancy to adolescence were explored. Persistently reduced airway function 

throughout childhood was associated with maternal asthma, flow limitation during 

tidal breathing in infancy, infant onset atopy and maternal smoking 26. Males had 

lower airway function than females in infancy. However, following a period of 

accelerated growth during childhood, they had significantly higher airway function 

than females by 18 years of age. Those exposed to maternal smoking in utero had 

reduced airway function throughout infancy compared with those with no in utero 

smoke exposure, however lung function was comparable in the two groups by 

adolescence 26.  
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In the Manchester Allergy and Asthma Study (MAAS) lung function in preschool 

aged children was measured using whole-body plethysmography with specific 

airway resistance (sRaw) as the outcome measure 34.  A history of maternal asthma 

and sensitisation to multiple allergens were associated with poorer airway function 

in early childhood. A history of asthma and wheeze among the preschool group 

was associated with poorer airway function at 3 years of age and those with 

persistent wheeze throughout childhood had a further decrease in airway function 

between 3 and 11 years of age. 

 

Childhood asthma is associated with reduced lung function 8,9. Yet, whether the 

deficit in lung function predates the asthma or is a consequence of the chronic 

airway inflammation that is characteristic of asthma, remains unclear. In the 

Copenhagen Prospective Study on Asthma in Childhood (COPSAC) study, based 

on the offspring of mothers with asthma, lung function in the neonatal period was 

reduced in children subsequently diagnosed with asthma by 7 years of age. The 

deficit in lung function increased during early childhood, such that the neonatal 

component accounted for 40% of the FEV1 deficit seen in children with asthma at 

7 years of age 35. Although this suggests there is both a congenital and 

developmental component to the lung function discrepancy seen in children with 

asthma, this observation may not be directly translatable to the general population 

given that this was based on a high risk cohort. It is clear however, that after the 

first few years of life, the deficits in lung function in children with asthma persist, 

even quite late into adulthood 36. In the Busselton Health Study, adolescents with 

asthma had a reduction in FEV1 at 19 years of age compared with those without 

asthma, followed by a relatively normal rate of decline during adulthood 37 (Figure 

2.2). Three other studies in Melbourne, Aberdeen and Dunedin that all followed 

children with asthma through into adulthood, demonstrated the lung function 

deficits from mid to late adulthood of those with childhood asthma were already 

present at the childhood assessments between 9 and 14 years of age 8,10,38.  
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Therefore, it would seem that lung development during childhood is not a fixed 

rate and both environmental exposures and genetic factors may play a role in 

determining this post-natally. Asthma in particular is associated with both 

abnormal early lung development and slower rate of airway growth during 

childhood leading to a permanent deficit in lung function, which persists into late 

adulthood and this is discussed in further detail later on. An appendix detailing the 

characteristics of all available longitudinal paediatric respiratory cohorts with at 

least two lung function measurements during childhood, is included at the end of 

this thesis in Appendix 1. 

 

Figure 2.2 

(a) (b)

 
Age-related decline in FEV1, corrected for age, height and weight in males (a) and 
females (b). Decline in Lung Function in the Busselton Health Study. Reprinted with 
permission of the American Thoracic Society. Copyright © 2018 American Thoracic 
Society. James A et al. 37.  
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Lung function deficits in adulthood 
Apart from deficits in airway function among children with asthma that persist into 

adulthood, there are other childhood events and exposures that affect respiratory 

outcomes later on and environmental factors during childhood may play a role in 

the rate of “lung aging” during adulthood. In the 1970s, Burrows et al. reported 

their observations of a link between childhood respiratory illnesses and COPD in 

later life, based on retrospective data 39. More recently, a study looking at the 

influence of childhood factors on lung function and COPD in adulthood identified 

“childhood disadvantage factors” such as parental asthma, childhood asthma, 

severe early respiratory infections and maternal smoking, that were all associated 

with reduced lung function in adulthood and a more rapid decline in FEV1 over the 

subsequent 9 year follow-up than those who did not have these early risk factors 
40. Having two of these childhood risk factors was associated with a larger deficit 

in FEV1 and a higher risk of COPD than the risk associated with smoking 10-20 

cigarettes per day.  

 

In a review of two large European cohorts by Dratva et al. (n=12,862), a winter 

birthday, older mother (aged >31 years at birth), ≥ 2 younger siblings and maternal 

smoking were associated with a more rapid decline in lung function during 

adulthood 41. This childhood data was collected retrospectively during adulthood, 

yet apart from maternal smoking, these factors would not be associated with recall 

bias. A slower decline in lung function was associated with regular attendance at 

daycare before 5 years of age. 

 

These studies highlight the importance of early childhood not just on lung growth 

and development, but on subsequent lung function decline during adulthood. 

  



14 

Effect of tobacco Smoke exposure on lung development 
Tobacco smoke exposure is the most well-documented nemesis of lung health in 

adults. Interestingly, it does not hold quite the same status in children, where pre-

term birth and respiratory viruses account for a large proportion of respiratory 

morbidity. Second-hand tobacco smoke exposure is detrimental to recipients’ 

lungs and laws have been passed in a number of countries to protect citizens from 

unsolicited smoke exposure 42,43. Tobacco smoke exposure in children should be 

of particular concern. A detrimental exposure during lung development may have 

lifelong consequences on the potential lung growth and lung health of the child. In 

addition, children generally spend more time and in closer proximity to their 

family members than adults do and this is demonstrated by higher cotinine levels, 

a by-product of nicotine metabolism, in children exposed to second-hand tobacco 

smoke in the home than adults with the same type of exposure 44,45. Children can 

be exposed to tobacco smoke in several ways: through their mother’s placenta in 

utero; inhaled second-hand smoke post-natally from family members; or smoking 

themselves, usually from adolescence. Each of these routes may have different 

effects on a child’s lung health given the different stages of lung development 

during exposure and also the exposure dose, however the influence of each can be 

difficult to determine given that they are not mutually exclusive.   

 

In utero tobacco exposure, when tobacco by-products pass through the placenta 

and into the foetal blood stream, is associated with altered lung growth as 

demonstrated by abnormal respiratory mechanics at birth. Nicotinic receptors in 

the lung have been identified as possible mediators of these effects 46.   Lung 

function measured within the first few days of life is reduced in neonates exposed 

to tobacco smoke in utero 47,48. These lung function abnormalities persist 

throughout the first year of life 49,50. While only maternal smoking during the 

pregnancy appears to affect measurements of airflow, either parent smoking during 

the pregnancy was associated with increased airway responsiveness, a marker of 

lower airway inflammation, at 1 month of age in the PIAF cohort 51,52.  
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Whether this deficit in lung function secondary to in utero smoke exposure persists 

throughout childhood may depend on post-natal factors. In the Western Australian 

Pregnancy Cohort (Raine cohort), maternal smoking in pregnancy was associated 

with small but significant reductions in lung function at 14 years 53. However in 

the PIAF study, there was no longer a significant difference in lung function 

between those who were and were not exposed to in utero tobacco smoke at 18 

years of age 26.  Similarly, there was no association between in utero smoke 

exposure and lung function at 11 or 22 years of age in the Tucson study 28. 

Although these latter two studies both included infant lung function testing, they 

were based on smaller cohorts than the Raine study and thus cannot conclusively 

rule out long term damage to lung development as a result of in utero tobacco 

smoke exposure, which may be multi-factorial. In the Children’s Health study in 

Southern California, children aged 7-18 years who were exposed to tobacco in 

utero had reduced lung function compared with those with no in utero smoke 

exposure 54. However in subgroup analysis, this was only significant for those 

children with in utero smoke exposure AND asthma. Among the children exposed 

to in utero tobacco smoke without asthma, there was no difference in lung function 

measurements compared with no in utero smoke exposure, if they had no further 

environmental smoke exposure at home postnatally.  

 

In order to differentiate the effect of pre-natal versus post-natal tobacco smoke 

exposure on lung development in children, large cohorts are required, as the 

majority of children exposed to tobacco smoke before birth will continue to be 

exposed after birth. Both pre and post-natal exposures were assessed separately in 

an amalgamation of two large German cohorts, the GINIplus and LISAplus birth 

cohorts, with 1325 participants in total 55. In utero smoke exposure alone was not 

associated with differences in lung function in young adolescents, however post-

natal smoke exposure only in the home was associated with a 60ml deficit in FEV1 

at 15 years of age. In the Children’s Health study, exposure to tobacco both in 

utero and post-natally was associated with the largest deficit in lung function, 

particularly for children with asthma 54.  In a 1996 study of the offspring of a 
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prospective cohort from the 1970s, maternal smoking during their childhood was 

associated with a dose-dependent reduction in FEV1 in the offspring, then aged 

between 30 and 60 years of age, although pre and post-natal exposure was not 

differentiated in this study 56.  These dose related effects suggest that all smoking 

parents should be encouraged to reduce their child’s tobacco exposure in order to 

reduce or prevent ongoing damage to their developing lungs.  

 

Together with the detrimental effects of tobacco smoke exposure on lung function, 

there are also negative effects on respiratory symptoms 57,58. In a large meta-

analysis designed to take confounding factors such as the child’s atopy status and 

their own smoking history  into account, there was an increased relative risk of 

1.33 (95% CI, 1.14–1.56) of asthma among children who were exposed to tobacco 

smoke in the home 59. However, this analysis did not take into account the timing 

of exposure. In a systematic review and meta-analysis of 71 studies, the risk of 

wheeze and asthma among children categorised into age groups ≤ 2 years of age, 

3-4 years and 5-18 years of age, was assessed in those exposed to pre and post-

natal tobacco smoke 57. Pre-natal tobacco exposure was associated with highest 

risk of wheeze between 5-18 years and post-natal maternal tobacco exposure was 

associated with the highest risk of wheeze up to 4 years of age 57. Pre-natal smoke 

exposure was associated with increased risk of asthma in the ≤2 age group and also 

5-18 year group. Post-natal smoke exposure was not associated with increased risk 

of asthma in any age group, suggesting the foundations for the abnormal chronic 

inflammation characteristic of asthma, is laid down in the antenatal period. 

Another large study, a pooled analysis from multiple European birth cohorts 

(n=21,600), specifically looked at the effects of in utero-only smoke exposure in 

children 60. The offspring of mothers who smoked for part of the pregnancy but 

then quit and remained cigarette free for the first year of the child’s life were 

assessed. These children had increased risk of wheeze and asthma at 6 years of age 

when compared with children with no in utero or post-natal smoke exposure for 

the first year of life (OR=1.39; 1.65 respectively). One of these studies, the 

Swedish BAMSE study had previously shown that in utero smoke exposure was 
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associated with wheeze in the first two years of life, independent of post-natal 

smoke exposure 61.This was replicated in the Children’s Health Study where in 

utero smoke exposure was associated with asthma and wheeze in childhood, while 

those who were only exposed to post-natal tobacco smoke had an increased risk of 

wheeze but not asthma 62.  

 

As with many environmental exposures, gene interactions may explain some 

variability in the physiological response to tobacco smoke exposure. 

Polymorphisms of the gene for a ß2 adrenoceptor found on respiratory smooth 

muscle cells, were associated with reduced FEV1 and FVC only in children who 

had been exposed to tobacco smoke either pre or post-natally 63. In addition, 

different polymorphisms in the glutathione S-transferase genes, enzymes involved 

in detoxification, can have either negative or protective effects on lung function in 

infancy for those exposed to tobacco smoke in utero 64,65. To our knowledge, the 

influence of genetic variants on the long-term effects of in utero smoke exposure 

on lung function from infancy into adulthood have not yet been assessed. 

 

Tobacco smoke exposure certainly has negative effects on lung growth and 

development in infants and children, who unfortunately have little control over 

their environment in this vulnerable developmental stage. Identifying those who 

are most at risk, either because of other unfavourable in utero exposures, a genetic 

vulnerability, or a history of asthma, may allow for targeted intervention for those 

who would benefit from it thei most. 

 

Early Lung Development and Clinical Outcomes 
Lung development and wheeze/asthma 
Reduced lung function in infancy is associated with wheeze in the first three years 

of life in both unselected cohorts and those at high-risk of asthma 66-69. Reduced 

infant lung function is also associated with asthma throughout childhood. In the 

Environment and Childhood Asthma (ECA) study, those with reduced lung 
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function in the first week of life (tPTEF/tE at or below the median), were more 

likely to have a history of asthma at 10 years (24.3% vs 16.2%) as well as severe 

airway hyper responsiveness (9.1% vs 4.9%), than those with higher infant lung 

function, when adjusted for maternal smoking during pregnancy 70.  In the PIAF 

study, reduced V’maxFRC at 1 month of age was associated with persistent 

wheeze at 11 and 18 years 27,71.  

Deficits in lung growth after infancy, during childhood and adolescence, have also 

been demonstrated among those with asthma and persistent wheeze 35,72 and the 

Copenhagen Heart Study has shown that asthma is associated with an accelerated 

rate of decline of FEV1 during adulthood 31. Therefore it seems that asthma may 

be related to abnormal in utero lung development and further deficits in lung 

growth during childhood, which persist as significant lung function deficits into 

adulthood, exacerbated by a more rapid lung function decline during adulthood. 

 
Early life factors and respiratory outcomes:  
Apart from low lung function in infancy, several modifiable and non-modifiable 

early life factors may increase the risk of wheeze and/or asthma in childhood. A 

large multicentre birth cohort study in Germany, the Multicentre Asthma study 

(MAS), analysed 36 of these factors. The primary outcome was a diagnosis of 

asthma at any of the annual assessments up to 20 years of age. Non-modifiable 

factors associated with asthma were male gender, high umbilical cord IgE levels 

at birth, a birthday in summer or autumn, parental allergic rhinitis and parental 

asthma. Tobacco exposure in utero was a modifiable factor associated with asthma 

in childhood, whereas postnatal tobacco smoke exposure up to 3 years of age, early 

obesity, breastfeeding and presence of household pets had no effect on asthma risk 

during childhood 73. Data from the GINI plus and LISAplus collaboration, with 

information on almost 10,000 children across Europe, showed that greater weight 

gain during the first 2 years of life, after adjusting for birthweight, was associated 

with higher risk of asthma by 10 years of age 74.  
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Other studies have focused on single risk factors for respiratory symptoms during 

childhood, with particular focus placed on early respiratory infections and early 

atopy. 

 

Bronchiolitis and respiratory outcomes:  
Severe early respiratory infections, particularly viral bronchiolitis, are associated 

with an increased risk of asthma in childhood. The majority of asthma 

exacerbations in children are due to viral infections, therefore this link is 

unsurprising. Bronchiolitis may simply be the first manifestation of asthma in 

those who are predisposed to viral-induced bronchospasm, or perhaps severe early 

infection itself has a causal role in the development of asthma. The link between 

bronchiolitis and childhood asthma appears strongest for those with infections 

severe enough to require hospitalisation 75,76.   

Human rhinovirus (HRV) is the most common viral cause of asthma exacerbations 

in childhood 77. Wheezing during an HRV infection in the first 3 years of life was 

associated with asthma at 6 years of age in the high risk cohort of the Childhood 

Origins of Asthma (COAST) study in the US 78. This association was stronger for 

wheezing with HRV than with Respiratory Syncytial Virus. In a Perth high risk 

cohort, wheezing during an HRV illness in the preschool years was associated with 

asthma at 5 years only in those who had early sensitisation to a panel of allergens 

79. This link between early respiratory infections and early atopy may be 

synergistic in predicting childhood asthma 79-82.   

  

Early sensitisation and respiratory outcomes 
Atopy in the first few years of life is linked to persistent wheezing and asthma in 

childhood. In the German Multicentre Allergy Study (MAS), specific IgE to food 

and aeroallergens was measured during infancy and throughout childhood. In the 

preschool years (<5 years of age), the presence of atopy did not predict the 

frequency of wheezing with viral illnesses. However, those who were atopic were 

more likely to have ongoing wheeze at school age (> 5 years of age, 44% vs 10%) 

and have lower lung function at 7 years 83. This link was strongest for those with 
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early sensitisation before the age of 3 to perennial allergens e.g. house dust mite, 

dog and cat dander.  This finding was confirmed by high risk cohorts in Britain 

and Australia. In the Poole study, 48% of those with persistent wheeze after 5 years 

of age had previously been found to be sensitised by 2 years of age compared with 

17% of those with wheeze which did not persist after 5 years of age 84. In the Perth 

CAS study, a cohort at high-risk of asthma due to parental history,  the odds ratio 

for wheeze at 5 years of age was 0.4 in the group who were never atopic, 3.1 for 

those sensitised <2 years of age and 2.9 for those first sensitised >2 years of age 
79. In a large systematic review, house dust mite avoidance in the home was not 

preventative of asthma85. 

Given the synergistic effect of early atopy and severe early respiratory viral 

infections on the subsequent development of asthma, it is plausible that the chronic 

lower airway inflammation characteristic of asthma, may be related to abnormal 

early development of innate anti-viral immune responses 79. However, whether this 

is a cause or a consequence of the atopy and infections is unclear. 

 

The natural history of asthma and wheeze in childhood 
Aetiology of asthma  
Asthma is a chronic inflammatory respiratory illness characterised by airway 

obstruction due to airway inflammation and episodic bronchoconstriction 86. The 

prevalence in Australia is approximately 10% across all age groups, however this 

has gradually been declining among children since 2001 87. Symptoms can begin 

at any age and can be transient or lifelong. There is a peak in incidence before 10 

years of age and a second peak after 30 years of age 88. 

  

Although it is one of the most common chronic illnesses worldwide, asthma does 

not have an easily predictable inheritance pattern or natural course. This is 

complicated by phenotypic heterogeneity among those with asthma 89. A complex, 

poorly understood relationship between innate lung structure, genetics, the 
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environment and lifestyle all play a role in the pathogenesis and expression of 

different asthma phenotypes.  Although several factors such as atopy, female sex, 

obesity and family history are associated with higher risk of asthma, none have a 

clear “cause and effect” relationship. Over 100 genetic polymorphisms associated 

with asthma have been identified, however each one contributes very little to the 

disease prevalence (<5%) and therefore gene-environment interactions are likely 

to be more important in disease development than single gene defects 90. Atopy 

has a strong relationship with asthma, although they remain discrete entities. 

Asthmatics with and without atopy are considered to be separate endophenotypes 

and may have different underlying molecular and genetic pathogeneses.  

 
Preschool wheezing patterns 
Wheezing in early childhood in the presence of viral infection is common, with up 

to 50% of children experiencing at least one episode of wheeze by five years of 

age 91. Although respiratory viral infections also cause the majority of wheezing 

episodes after five years of age, some authorities suggest that the diagnosis of 

asthma should be deferred until school age. This approach is questionable as many 

preschool children meet the criteria for mild intermittant asthma, including a 

response to asthma treatments. Other features characteristic of asthma such as 

airway responsiveness, multifactorial triggers or bronchodilator response are 

associated with but not prerequisites for the diagnosis of asthma and there remains 

a wide range of views as to the definition of asthma and the requirements for its 

diagnosis 92. 

 

Three wheezing phenotypes in preschool aged children were described in the 

Tucson Children’s Respiratory study using age 3 and 6 years as cut-offs for these 

categories : transient early wheezers (wheeze at 3, not at 6); late-onset wheezers 

(wheeze at 6, not at 3); and persistent wheezers (wheeze at 3 and 6 years) 93.  More 

recent analysis of data from two large population based studies, PIAMA and 

ALSPAC with a combined cohort of 18,500 participants, identified a fourth group 

with intermediate-onset wheeze between 24 and 48 months of age 94. In this 

analysis, intermediate-onset, late-onset and persistent wheeze were all associated 
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with increased risk of current asthma at 8 years compared with infrequent/never 

wheezers (OR 32.7; 50.5; 71.5 respectively). There was a weaker association 

between transient wheezers and asthma at 8 years (OR 5.4), but certainly the 

majority of children with asthma wheezed in the preschool period. 

New onset asthma is less common in late adolescence with an incidence of 

11.1/1000 and 12.6/1000 person years in the British Birth Cohort and the Tucson 

Children’s Respiratory studies respectively 95,96. Adolescent-onset asthma was 

associated with increased airway responsiveness at 6 years of age, parental asthma, 

late-onset sensitisation (after 6 years of age) and female gender. Adult-onset 

asthma is less strongly associated with family history or atopy than childhood-

onset asthma 97.  

 
Asthma persistence and remittance 
The classification of preschool wheeze by age of onset and duration is probably 

over-simplified. The natural history of asthma symptoms throughout life cannot be 

easily defined as transient or persistent given that symptoms can relapse in later 

years, having been in remission. Symptoms of asthma begin in the first few years 

of life for the majority of adults with asthma, with a median age of onset of 3 years 

for males and 8 years for females 98. However, the majority of children with asthma 

do not continue to have symptoms through to adulthood. In the Melbourne, 

Dunedin and British longitudinal asthma studies, 70-80% of those with asthma in 

childhood were symptom free by mid-adulthood 8,9,99. The severity of childhood 

asthma symptoms was a strong predictor for the persistence or relapse of 

symptoms in adulthood, as were early atopy, airway responsiveness and female 

sex. In the Tucson respiratory study, lower lung function, increased airway 

responsiveness, Alternaria (a mould) sensitivity, female gender and previous 

wheeze at 6 years were strongly associated with asthma persistence at 22 years 96. 

In the Childhood Asthma Study, in which children with  moderate or severe asthma 

were recruited and then reassessed in adulthood, the degree of atopy and asthma 

severity in childhood were associated with ongoing symptoms in adulthood 100. 

There was no relationship between lung function or airway responsiveness in 

childhood and disease persistence in adulthood in this study.  
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Yet this is still not the whole story, as many adults experience a remission of 

asthma symptoms, which then recur again later in life, even decades later. In the 

1958 British birth cohort study, childhood asthma was a strong predictor for 

wheeze at 42 years of age in those who had been asymptomatic between 16 - 32 

years of age 99. In the Dunedin respiratory study, predictive factors for the relapse 

of asthma symptoms in adulthood that had been in remission, included 

sensitisation to house dust mite and airway responsiveness 8.  

 

Asthma is also associated with an increased risk of COPD in later adulthood. In 

the 50 years of follow up of the Aberdeen WHEASE cohort, childhood asthma was 

associated with a 6 fold increase in COPD in adulthood compared with those with 

no wheeze during childhood 10. Childhood asthma was not associated with a more 

rapid decline in lung function compared with healthy controls, but rather a deficit 

that had persisted since recruitment at 10-15 years of age. 

 

Given the temporal complexity of symptoms, cross-sectional or retrospective 

analysis of cohorts don’t really give a clear picture of the natural history of asthma 

throughout childhood and adulthood and so the longterm follow-up cohorts that 

accurately and longitudinally record the factors associated with disease 

persistence, remission and relapse, are of vital importance in outlining and 

predicting the disease course.   

 

Atopy  
Atopy is a tendency to react to an allergen and is diagnosed by either high specific 

immunoglobulin E (IgE) to at least one of a small panel of allergens (>0.35kU/L) 

or at least one positive skin prick test reaction to a range of food or inhaled 

allergens 101. The specific allergens tested are chosen based on suspected triggers 

and the most prevalent allergens in the local population. When someone with atopy 
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is exposed to an allergen, these IgE molecules cause mast cell degranulation and 

the release of histamine. Atopic disorders are the organ specific disorders which 

are related to allergies and include hayfever, asthma and eczema 102. 

 
Atopy and Asthma 
Atopy is strongly associated with asthma in children and is one of the most 

common predictors of asthma persistence from childhood into adulthood across 

numerous studies 8,9,100. However, the relationship between asthma and atopy is 

not always consistent. The prevalence of atopy among children with asthma varies 

across different populations, related to the population prevalence of each 103.  The 

population attributable risk proportion (PAR) tells us what proportion of asthma 

cases would be prevented if atopy was eliminated 104.  A meta-analysis by Pearce 

et al. found that 54% of adults and 58% of children with asthma had atopy, while 

24% and 29% of non-asthmatic adults and children respectively had atopy 105. The 

PAR varied from 25-63% with a mean of 38% in children and 8-55% with a mean 

of 37% in adults, however those studies which looked at both adults and children, 

found higher attributable risks in the younger group (63% in 6-34 year olds versus 

22% in those >55 years) 106. 

 

The NHANES study in the US reported a difference in the prevalence of atopy in 

different age groups, which was highest in the 20-39 age group. This group also 

had the highest PAR (60.6% in 20-39 years vs 52.1% in 40-59 years and 55.2% in 

6-19 years), although this was not statistically significant (p=0.06).  The overall 

prevalence of atopy among asthmatics was 79%. Although females were more 

likely to have asthma, males were more likely to have atopic asthma 107. Miranda 

et al studied subjects with severe asthma and found those with an asthma diagnosis 

before 12 years of age were more likely to be atopic than those who developed 

asthma after 12 years 108. 

 

However, the PAR is reliant on atopy causing asthma, which has never been 

demonstrated. Therefore, more useful statistical analyses may include 

sensitivity/specificity indices and logistic regression, assessing the predictive 



25 

value of atopy for asthma. In the Dunedin Longitudinal study, sensitisation to 

house dust mite in childhood, was associated with increased risk of persistent 

wheeze into adulthood (odds ratio 2.41; p=0.001)8. In the Tucson Children’s 

Respiratory Study, clinical indices of atopy, allergic dermatitis and allergic 

rhinitis, showed high sensitivity (>80%) for asthma throughout childhood, but 

poor specificity (<50%), demonstrating that the presence of asthma is usually 

associated with atopy in children, but many of those with atopy do not go on to 

develop asthma 109.  

  

The mere presence of atopy is not the only consideration, as the degree of atopy 

may also be important.  A large birth cohort study in the UK, the MAAS study, 

considered atopy as a heterogeneous group of conditions that differ by their age of 

onset and the number of allergens involved. Five classes were identified by 

unsupervised cluster analysis and only one class, the multiple allergen, early-onset 

atopic group, was associated with clinical outcomes of asthma, wheeze, increased 

bronchial responsiveness and lower lung function. This group accounted for 28% 

of the total number who were atopic 110. A Perth study confirmed that sensitivity 

to multiple allergens is associated with more severe respiratory symptoms than 

sensitivity to a single allergen 111. These studies suggest that the pattern and degree 

of atopy, as well as age of onset, may be the most important factors in predicting 

asthma and respiratory symptoms.  

 

The atopic triad 
Asthma, eczema and hayfever have been coined “the atopic triad” 102. Eczema is 

common in young infants, while prevalence rates of asthma peak before 10 years 

of age and again after 30 years of age, and rates of hayfever increase during 

adolescence 88,112-114. This has led to the “atopic march” hypothesis, a disease 

progression from infant eczema, through childhood asthma with subsequent development 

of allergic rhinitis during adolescence 115. However this hypothesis is now questionable, as 

less than 10% of children appear to follow this time pattern and several longitudinal studies 

showing the reverse situation have been reported, with asthma being diagnosed prior to 

eczema developing 116-118. In a large observational study in Europe, the co-existence of 
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current asthma, eczema and allergic rhinitis in children occurred more often than would be 

expected by chance, but surprisingly, IgE sensitisation only accounted for a third of these 

“atopic” conditions 119. These suggest the clinical relationships between the three conditions 

is more complex than previously recognised.  

 

Airway responsiveness and respiratory outcomes 
Increased airway responsiveness (AR) is an exaggerated bronchoconstrictive 

response of the airway smooth muscle to stimuli. It can be measured using several 

non-specific stimuli such as histamine, methacholine, mannitol or exercise to 

assess the sensitivity of the airways’ smooth muscle. Stimulants used to assess AR 

can either work directly on the smooth muscle cells or indirectly, using an 

intermediate pathway. Direct stimulants include inhaled histamine and 

methacholine. There is a dose dependant response, however those with increased 

AR will react at a lower inhaled dose. Indirect stimulants include exercise, 

hyperventilation, cold air inhalation, hypertonic saline or mannitol inhalation. 

These methods stimulate mast cells to release bronchoconstrictive agents which 

then act on the airway smooth muscle cells. Indirect agents may be more specific 

for airway inflammation than direct agents, but generally both pathways correlate 

well with each other 120. Increased AR has been considered as one of the hallmarks 

of asthma and is linked to both disease severity and airway inflammation 121,122. 

PIAF was the first longitudinal birth cohort study to include AR testing in infants. 

Increased AR was not a persistent finding from infancy, with variable patterns of 

new onset and resolution throughout childhood among individuals 132. Those with 

a history of atopy, family history of asthma or a lower respiratory tract infection 

in infancy were more likely to have persistently increased AR during childhood 
124. Increased AR is strongly associated with asthma and appears to precede the 

diagnosis in children 96,123. No child with normal AR throughout infancy and at 11 

years had a diagnosis of asthma or wheeze at the 11 year assessment 125. 

Interestingly, increased AR in infancy was not associated with early wheeze in the 

first few years of life in the PIAF study 126. However, increased AR in infancy was 

predictive of asthma by school age (6-7 years) in two studies 35, 126. This suggests 
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AR is not the cause of wheeze in the first few years of life but that increased AR 

is strongly predictive of asthma later on.   

 

Adult studies have shown a similar pattern of increased AR in asymptomatic 

subjects preceding the development of chronic respiratory symptoms 127. In 

addition, among subjects who initially reported chronic respiratory symptoms, 

those with increased AR were less likely to report symptom remission at the three 

year follow up.  

 

Thus, the association between AR and asthma evolves in early childhood before 

symptoms develop, but is not persistent from birth. Increased AR is a prognostic 

factor for both the future development and persistence of asthma symptoms. 

 

Limitations of longitudinal birth cohort studies  
There are a number of difficulties in assessing lung function longitudinally that 

may be contributing to the dearth of studies in this area. Firstly, lung function, as 

measured by spirometry, changes as children grow. There is a non-linear 

relationship with age and height that varies with gender and ethnicity and so in 

order to compare lung function across different time periods, age, height, gender 

and ethnicity matched reference values must be used to calculate either a percent 

of predicted value or z score 1,25. The multi-ethnic Global Lung Initiative 

equations, published in 2012, include reference data from over 30,000 children 

between the ages of 3 and 20 years, across a range of ethnicities and this is by far 

the most comprehensive reference database for lung function in children 1.  

 

Secondly, different techniques are used to measure lung function in different age 

groups.   V̊maxFRC (maximum flow at functional residual capacity) is an infant 

lung function measurement that represents flow at low lung volume. It is not 

directly comparable to FEF25-75% (forced expiratory flow at 25-75% of forced vital 
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capacity), a lung function parameter that represents airflow in the mid-expiratory 

phase during spirometry, yet these two measurements have been shown to correlate 

well 28,29,71.  

 

Thirdly, lung function techniques evolve over time. In the 1980s, lung function in 

infancy was measured using the tidal rapid thoraco-abdominal compression (RTC) 

technique. The first birth cohorts using this technique are only reaching adulthood 

now 19. The newer technique, the raised volume rapid thoraco-abdominal 

compression technique (RCRTC) is now the standard and is used in more recent 

studies 18,20,21, but it will be at least another decade before these measurements can 

be used to assess the correlation with spirometry in adults. 

 

Finally, given the duration of post-natal lung development, follow-up from infancy 

to adulthood is time-consuming and expensive. 

 

Yet despite these difficulties, longitudinal assessment of lung function and 

respiratory symptoms is of critical importance when assessing the factors that 

impact on lung growth and lung health in a normal population, in order to minimise 

recall bias and to identify critical periods of development during which modifiable 

interventions may be of benefit. Given the tracking of lung function throughout 

childhood, it is clear that in order to improve the lung function peak achieved in 

early adulthood, the early life environment must be taken into account.  

 

Conclusion 
Humans grow up in a wide variety of environments. Therefore, genotype can only 

partially answer questions about health and disease prediction or prevention. The 

environments in which people grow and how their bodies reacts to these 

environments, may impact both normal and abnormal development. Longitudinal 

observational studies help the understanding of these relationships over time and 

how genetic risk factors, in utero development and post-natal exposures all 

contribute to the health/disease spectrum throughout the lifespan. This is 
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confirmed by a combination of longitudinal lung function studies that demonstrate 

although lung function tracks from infancy to early adulthood, early life exposures 

may alter the trajectory, leading to adverse respiratory outcomes. Using a 

combination of large population based studies and smaller, more detailed cohorts, 

a comprehensive picture of lung development can be mapped out that will allow 

individuals as well as health professionals to make informed choices with regards 

to health advice and disease prevention. 
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The Perth Infant Asthma Follow-up Cohort 
This thesis is based on a longitudinal birth cohort study, the Perth Infant Asthma 

Follow-up (PIAF) study. The cohort was recruited between 1987 and 1989 from a 

suburban maternity hospital in Perth, the Osborne Park maternity hospital. This is 

a peripheral hospital with approximately 2,000 deliveries per year. Expectant 

mothers were approached by study investigators at antenatal outpatient clinics. 

There was no preselection for family history of asthma or atopy. Post-natal 

exclusion criteria included preterm birth (<37 weeks gestation), any major 

congenital abnormality or a significant respiratory illness in the first month of life. 

970 mothers were approached of whom 230 (24%) agreed to participate. A further 

23 subjects, younger siblings of the original cohort, were also included during the 

recruitment period. Signed, informed consent was obtained from all participating 

mothers. Information was collected from both parents, apart from 13 estranged 

fathers. A modified American Thoracic Society questionnaire was used to gather 

information regarding history of respiratory illness and atopy in the family as well 

as parental smoking history 1.  

 

Assessments 
Infant lung function testing, airway responsiveness and skin prick testing were 

performed at 1, 6 and 12 months of age. Postal questionnaires were completed 

annually from 1-5 years of age. At 6, 11, 18 and 24 years of age, participants 

performed spirometry and airway responsiveness testing, had skin prick testing 

and blood was taken for IgE analysis and genotyping. At 11, 18 and 24 years of 

age T lymphocyte cytokine analysis was undertaken. See table 3.1 for all variables 

and number of participants assessed at each visit. 
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Table 3.1 Variables assessed at each visit 

Variables 
assessed 

1 month 

n=243 

6    mnths 

n=197 

12 
mnths 

n=172 

6   years 

n=123 

11 
years 

n=194 

18 
years 

n=242 

24 
years 

n=151 
Questionnaire x x x x x x x 

(n=151) 
Lung function x x x x x x x 

(n=119) 
Airway 
responsiveness 

x x x x x x x 
(n=70) 

T lymphocyte 
responses 

- - - - x x x 
n=(95) 

IgE total and 
specific 

x - - x x x x 
(n=95) 

Skin prick 
testing 

x x x x x x x 
(n=109) 

Genotype - - - x x x x 
(n=95) 

Growth x x x x x x x 
(n=151) 

n=participants assessed at each visit. (n=) participants with each variable assessed at 24 
years 
x indicates variable assessed at that age  
- indicates variable not assessed at that age 
 
 

 

24 year follow up 
The author, Dr Louisa Owens, contacted the participants and carried out the 

assessments for the 24 year follow up. 

Assessments for the 24 year follow up of the PIAF cohort took place at clinic 

rooms in Princess Margaret hospital, the Telethon Kids institute or participants’ 

homes if they were unable to attend the clinics. Skin prick testing and airway 

responsiveness testing were not approved for home testing by the Human Research 

Ethics committee due to safety concerns, and therefore these tests were not 

performed on subjects assessed at home. 

 

Contacting participants 
PIAF participants were sent a letter in the post regarding the 24 year follow-up, 

including a participant information leaflet, contact details for the team and an opt-

out form. They then received a follow-up phone call to arrange the assessment. 



45 

Contact details including home address, home phone number, parent/participant 

mobile numbers, email address and contact details for next-of-kin had been 

collected at previous assessments and were updated at the current assessment.  

In order to enhance contact with study participants, particularly given the age of 

cohort subjects at the 24 year follow-up, a Facebook page was set up (figure 3.1). 

This private account was used to contact participants who had moved away from 

their previous residence and changed phone numbers. Updates regarding progress 

of the study, available time slots for booking assessment and contact details for 

team members were also included on the page.  For those unable to complete either 

a clinic or home assessment, due to travel, relocation or work commitments, the 

study questionnaire was posted out with a stamped-return envelope. Home 

addresses were obtained from the Western Australian Electoral role, with 

permission from the data custodian, for participants who remained uncontactable 

through all other means, unless they had previously withdrawn from the study. 

 

 

Figure 3.1 The Perth Infant Asthma Follow up study private Facebook page 

 

Respiratory Questionnaire 
All participants completed a questionnaire, modified from the 1978 American 

Thoracic Society questionnaire, as had been used for all previous assessments1. 

Questions regarding illicit drug use and occupation were also included. 
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Lung function assessment 
Spirometry was performed with a Koko portable spirometer (Pulmonary Data 

Service Instrumentation, Louisville, CO, USA).  Participants were encouraged to 

take a maximal inhalation to total lung capacity and then expire rapidly and 

forcefully into the spirometer, to residual volume 2. End of test criteria included a 

minimum forced expiratory time of 6 seconds or a plateau of at least 1 second on 

the time/volume curve.   A minimum of three acceptable manoeuvres were 

required with forced vital capacity (FVC), forced expiratory volume in 1 second 

(FEV1), FEV1/FVC ratio, forced expiratory flow from 25-75% of FVC (FEF25-75%)  

and peak expiratory flow (PEF) recorded.  

 

Airway Responsiveness Testing 
Airway responsiveness to histamine was measured with the Yan technique, the 

same technique used at each assessment since the 6 years follow-up3. Following 

spirometry, subjects were instructed to take a deep inhalation from residual volume 

to total lung capacity, inhaling from a hand-held glass nebuliser (DeVilbiss glass 

nebuliser 40, DeVilbiss, Somerset, PA). Initially, the nebuliser contained 0.9% 

saline as a control. Then increasing doses of histamine were inhaled, from 0.06 to 

7.8 micromoles, with spirometry performed between each inhalation. The 

histamine concentrations were calculated to ensure a doubling of cumulative 

histamine dose with each inhalation 3. Forced expiratory flow manoeuvres were 

performed 60 -180 seconds after each successive dose of histamine, to monitor for 

a drop in FEV1. Testing was ceased once the maximum inhaled dose was reached 

(7.8micromoles) or if there was a drop in FEV1 of ≥20% from baseline. 400mcg 

of inhaled salbutamol was administered if the FEV1 had dropped ≥10% during 

testing and spirometry was repeated after 5 minutes to ensure lung function was 

back within 10% of baseline.  

Airway responsiveness was expressed either as a dichotomous variable based on 

the total provocation dose of inhaled histamine required to cause a 20% drop in 

FEV1,  PD20 ≤ or > 7.8 micromoles, or as a continuous variable, the dose response 
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slope, based on the percentage drop in FEV1 per unit of histamine inhaled, which 

is calculated as follows: 
 

100  -   FEV1 at end of challenge   x 100 

Baseline FEV1 

___________________________________________________________________________ 
 

Cumulative histamine dose inhaled 

 

The Yan technique has been found to give comparable results, but is less time-

consuming than other methods of histamine challenge 4.  

During testing of the 30th participant, the subject mentioned they were unable to 

taste the histamine during a number of the inhalations. Following this incident, all 

eight of the glass nebulisers with rubber bulbs, which had slightly different shapes 

and variable compliance, were assessed. The output dosing for each combination 

of nebuliser and bulb following 30 squeezes was found to vary considerably across 

devices, using a Mettler Toledo Analytical Balance, accurate to 4 decimals places 

of a gram. Four combinations of nebuliser and bulb, with very similar output 

volumes were chosen, labelled 1 to 4 and used for all subsequent tests, in the same 

order. The dosing of histamine from these nebulisers was re-calculated following 

calibration, taking the output volume into account. The airway responsiveness 

results from all 30 participants assessed prior to the calibration, were considered 

to be inaccurate and not included in any analysis. There is also inter-operator 

variability associated with the glass hand-held nebulisers, however only one 

researcher, Dr Owens, performed the calibration and the airway responsiveness 

testing on each participant 5.  

 
 
Skin prick testing 
Skin prick testing was performed on participants attending the clinic, as per the 

Pepys protocol, the same protocol as was used at each previous assessment6. 

Allergens tested included: perennial rye grass; grass mix; cat pelt; dog hair dander; 

Dermatophagoides farinae; Dermatophagoides pteronyssinus; Alternaria tenuis; 

Aspergillus fumigatus; cockroach mix; cow’s milk and egg white.  A grid with 13 



48 

squares was stamped on the subjects’ forearm and a drop of allergen was placed 

within each square, including positive and negative controls, histamine sulphate 

(10mg/ml) and saline 0.9%. The skin beneath the drop of each allergen was broken 

with a lancet, which was cleaned with an alcohol wipe between each prick. The 

wheal reaction to histamine was read at 10 minutes and all other allergens were 

read at 15 minutes. Each wheal was measured across its widest diameter and also 

the perpendicular to this line. A wheal size ≥3 x3mm was classified as significant 
7. 

In the PIAF study, both IgE and skin prick testing were measured as there can be 

some discordance between the findings of these two methods in diagnosing atopy. 

 

 

Blood testing 
Blood was collected for full blood count and IgE analysis. Total serum IgE levels 

and specific IgE levels to house dust mite, mixed grass and cat dander were 

measured using ImmunoCAP by the Pathwest Laboratory at Princess Margaret 

Hospital. Blood serum was also stored for future analysis of T lymphocyte 

cytokine responses and DNA. 

 

 

Body measurements 
Height and weight were measured with a standardised stadiometer and weighing 

scales. Skin fold thickness was measured at the triceps, biceps, subscapular and 

supra-iliac regions with a Harpenden callipers. 

 

 

Statistical Analysis 
All results were entered into a database with Filemaker Pro (FileMaker Inc, 

Version14.0.1) as had been used for all previous assessments. Statistical analysis 

was performed with SPSS (IBM SPSS statistics, version 24). These statistical tests 

relate to Chapter  4 "Population Demographics and General Results", with detailed 

descriptions of statistical methods used for each of the other Chapters, including 
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power calculations,incorporated into the manuscripts. Statistical analyses of the 

longitudinal data included using generalised estimating equation which 

incorporates within-subject and between-subject variation within a population 

longitudinally, and linear mixed models which assess the correlation of an 

individuals’ measurements over time. 

In cross-sectional analysis, the difference in mean lung function between groups 

was assessed by independent t-test. The association between groups was assessed 

with chi-square or Pearson’s correlation for binary and continuous variables 

respectively.  

Given the close link between FEV1/FVC in early adulthood and COPD in later life, 

factors associated with FEV1/FVC at 24 years were identified using Pearson’s 

correlation co-efficient for continuous variables and independent t-test for binary 

variables. A general linear model was used for multi-variate analysis on variables 

with p<0.1 in the univariate analysis. Dose-response to histamine (DRS) was log 

transformed to approach a normal distribution, prior to analysis. The sample size 

of 119 subjects with lung function reported at 24 years, gave a power of 0.88 to 

reject the null hypothesis if there was a real difference of 5% between groups (ratio 

1:3), with a mean FEV1/FVC of 100% predicted, 10% standard deviation and 5% 

probability of type 1 error. 

A 2-sided p value <0·05 was used to define statistical significance for all analyses. 

Statistical analyses were performed using IBM SPSS Statistics for Windows, 

version 24·0·0 (Released 2016, Armonk, NY: IBM Corp.) 
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Population Demographics 
One hundred and fifty-one subjects participated in the 24 year follow-up 

assessment of the PIAF cohort. Of those, 119 performed lung function testing and 

109 underwent skin prick testing. Twenty-nine subjects completed questionnaires 

only, either by post, email or over the phone. Mean age at follow up was 24.1 years 

(range 21.7– 27.6).  

Of the original 253 participants recruited at birth, 2 have passed away, 20 have 

previously withdrawn and 31 either declined or were to unable to participate in the 

24 year follow up. The remaining 49 subjects were lost to follow-up. The group 

seen at 24 years had significantly higher rates of breastfeeding in early infancy, 

higher rates of infant atopy and lower rates of in utero tobacco exposure compared 

to those who were not assessed at 24 years (table 4.1). This retention bias of 

participants who had a more favourable in utero environment yet were more atopic 

in early life, may limit the generalisability of these study results, as those who were 

non-atopic but exposed to in utero tobacco smoke are less represented at the 24 

year follow up. Results were similar between those who had partial and full 

assessments at 24 years. 
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Table 4.1 Subject demographics – original cohort and at 24 year follow up 

 
 Not assessed at 24 

years 
n=102 

Any assessment at 24 
years 
n=151 

 

Full assessment at 24 
years 
n=105 

Female (%) 42.2% 46.4% 44.8% 

Mean birthweight kg 
(SD) 

3.34 
(0.45) 

3.46 
(0.5) 

3.44 
(0.5) 

#Parental asthma 32.3% 30.2% 28.8% 

*Breastfed x 3 months 36.5% 53.4% 56.3% 
Mean V’maxFRC at 1month 
ml/sec (SD) 

93.1 
(42.5) 

102.9 
(53.8) 

104.1 
(54) 

Mean dose response slope to 
histamine at 1 month 
V’maxFRC/mg/ml  (SD) 

 

 
73.3 
(87.4) 

          
75.4 
(91) 

 
77.24 
(97.9) 

#In utero  smoke exposure 69.3% 42.7% 40% 
Infant atopy 10.5% 23.3% 22.6% 

Any assessment at 24 years – either questionnaire +/- lung function /- skin prick testing 
Full assessment at 24 years – completed questionnaire +lung function + skin prick 
testing 
kg – kilograms; V’maxFRC – maximum flow at functional residual capacity;  
SD – standard deviation; ml– millilitres; sec – second; mg-milligram; # either parent; * 
exclusively breastfed for the first 3 months of life; p value based on chi square or 
independent t test. Bold fond indicates p<0.05 
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General Results: 
 

Lung function: 

Absolute lung function at each assessment 
Unadjusted baseline spirometry at each assessment from 6 to 24 years is presented 

in table 4.2, with a graphic depiction of FEV1 in figure 4.1. There was a steady 

increase in FEV1 and FVC between 6 and 18 years of age, followed by a plateau 

between 18 and 24 years. Of the 104 participants with lung function at both 18 and 

24 years, the mean difference in FEV1 between the two assessments was -97ml 

(range -850ml to +820ml). The mean difference in FVC between 18 and 24 years 

was +70ml (range -1200ml to +930ml).   The change in lung function between 18 

and 24 years was not correlated with either current smoking (FEV1 r=0·002 

p=0·98, FVC r=0·3 p=0·1) or history of asthma (FEV1 r=0·01 p=0·9, FVC r=0·08 

p=0·4). Mean FEV1/FVC peaked at 11 years of age, hence prior to or in early 

puberty. During puberty, lung volume (FVC) increased faster than airway growth 

(FEV1) and therefore the mean FEV1/FVC ratio reduced. The associations between 

current or resolved asthma and lung function throughout childhood is discussed in 

detail in chapter 6. 

 

 
Table 4.2 Absolute lung function results at each assessment in females and males 

Assessment 
age 

 
n 

FEV1 
(L/sec) 

FVC (L) FEF25-75% 
(ml/sec) 

FEV1/FVC 
% 

  Mean SD Mean SD Mean SD Mean SD 
Females         

 

6 years 52 1·31 0·2 1·5 0·23 1·44 0·4 88% 9 
11 years 80 2·3 0·5 2·49 0·5 2·68 0·7 93% 6 
18 years 60 3·55 0·5 4·1 0·6 4·1 0·9 88% 7 
24 years 50 3·37 0·4 3·99 0·5 3·76 0·86 85% 7  
Males          
6 years 58 1·32 0·3 1·52 0·3 1·44 0·5 87% 6 
11 years 103 2·27 0·4 2·5 0·5 2·56 0·6 91% 6 
18 years 81 4·7 0·7 5·55 0·8 5·06 1·2 85% 7 
24 years 69 4·64 0·7 5·68 0·85 4·74 1 82% 7 

L – litres; ml – millilitres; sec - second; SD – standard deviation 
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Figure 4.1:  

 
Each coloured line represents one participant. n=253. Unadjusted FEV1 (litres in 1 

second) 
 

 

Wheeze and asthma 
Of those seen at 24 years, 16% (n= 24) had current asthma and a further 12% 

(n=18) had a history of asthma, but no medications or symptoms in the previous 

12 months (resolved asthma). It should be noted that this clinical diagnosis does 

not take into account the possibility of ongoing airway inflammation, which was 

not measured. Of those with current asthma at 24 years, 79% (n=19) had asthma 

by 6 years of age.  
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The prevalence of current asthma was higher among females than males at each 

assessment, however a history of asthma was more prevalent among males than 

females. None of these sex differences were statistically significant (table 4.3). 

Wheeze in the previous 12 months was reported by 38.3% at 24 years (n= 57). 

Recent wheeze was more prevalent among females (33.3%) than males (18.6%) at 

18 years, but not at other assessments. This group included those who may have 

had wheezing viral illnesses, tobacco or environmental toxin inhalation or possibly 

undiagnosed asthma.  
 

Table 4.3 Prevalence of asthma and wheeze from 6 to 24 years by sex 
 

 6 years 
N (%) 

11 years 
N (%) 

18 years 
N (%) 

24 years 
N (%) 

Current Asthma Male 16 
(24.6 %)  

14 
(13.5%)  

10 
(10.3%) 

11 
(13.8%)  

 Female 16 
(27.6%) 

16 
(18.2%) 

9 
(15.9%) 

13 
(18.6%) 

 
History of 
asthma 

Male 30 
(41.1%)  

21 
(30.2%)  

21 
(25%)  

24 
(30%)  

 Female 19 
(31.1%) 

 

32 
(24.1%) 

16 
(26.2%) 

18 
(25.7%) 

Recent wheeze Male 14 
(21.5%) 

18 
(17%) 

16* 
(18.6) 

31 
(38.8%) 

 
 Female 13 

(22.4%) 
 

14 
(16.1%) 

21* 
(33.3%) 

26 
(37.7%) 

Current asthma –physician diagnosis of asthma AND symptoms or medications within 

the previous 12 months; Physician diagnosis of asthma but no symptoms or asthma 

medications within the previous 12 months; Recent wheeze – ≥1 episode of wheeze 

within the previous 12 months. Comparisons using Chi square test * p=0.04 

 

 

Active smoking and respiratory symptoms 
Smoking was measured as a binary outcome, rather than pack years. Of those seen 

at 24 years, 19% (n= 29) were current smokers, which was a 6% increase from the 
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18 year follow-up. Recent wheeze was associated with current smoking (χ2=7.19, 

p=0.007) but asthma was not associated with smoking (χ2=1.72, p=0.19). 

 

Body mass index and respiratory symptoms 
Body mass index ranged from 17.75 kg/m2 to 51.5 kg/m2 at 24 years, mean 25.36 

kg/m2. 17.5% of the cohort (n= 21) were classified as obese, with a BMI >30 

kg/m2. Neither current asthma nor recent wheeze were associated with obesity at 

24 years (χ2=2.5, p=0.11; χ2=2.3, p=0.13 respectively). 

 

 

Factors associated with FEV1/FVC at 24 years  
As COPD has been defined by an FEV1/FVC below 70%, I specifically looked at 

the early life factors which were predictive of FEV1/FVC at 24 years. There was 

no significant difference in FEV1/FVC at 24 years between males (mean 0.82) and 

females (mean 0.84) (table 4.4). Active smoking and current asthma at 24 years 

were associated with lower FEV1/FVC when compared with non-smokers and 

non-asthmatics respectively (mean 0.837 vs 0.802 for smokers, p=0.033; mean 

0.838 vs 0.794, p=0.007 for asthma) 

Several early life environmental and physiological factors were associated with 

FEV1/FVC ratio at 24 years. Lung function throughout infancy and airway 

responsiveness at 6 years of age correlated with FEV1/FVC at 24 years, while 

birthweight and airway responsiveness in infancy were not associated with 

FEV1/FVC (table 4.5).  Those who were exclusively breastfed for the first 3 

months of life had a mean FEV1/FVC of 0.84 compared with 0.81 for those not 

exclusively breastfed (p=0.019) (Table 4.6). A positive skin prick test in the first 

year of life was associated with lower FEV1/FVC at 24 years than those with no 

atopy by 12 months (mean FEV1/ FVC 0.8 vs 0.84, p=0.02). These were all 

significant in the multivariate analysis, suggesting independent associations. 

Bronchiolitis in the first year of life, regular attendance at daycare in the first two 

years, pet ownership by five years of age and smoke exposure in the household in 

the first year were not associated with a significant difference in FEV1/FVC at 24 

years. Post-bronchodilator lung function was not assessed as this cannot be 
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performed on the same day as airway responsiveness testing. Therefore, some of 

the FEV1/FVC limitation associated with asthma in this study may be reversible 

and thus not a marker of COPD. 

 

 

 
Table 4.4 Factors associated with FEV1/FVC at 24 years 
  n Mean 

FEV1/FVC at 
24 years (SD) 

univariate 

p value Mean FEV1/FVC at 
24 years  

multivariate 

p value 

All  119 0.831     (0.06)  -   

         Males 69 (58%) 0.822     (0.06)  - 0.794  

         
Females 
  

50 (42%) 0.844     (0.07)  0.07 0.819 0.031 

Current 
smokers 
Non 
smokers 
  

19 
97 

0.802       (0.05) 
0.837    (0.066) 

 
0.03* 

0.791 
0.823 

 
0.039* 

Current 
asthma 
No asthma 

19 
98 

0.79     (0.07) 
0.838  (0.06) 

0.007* 0.784 
0.829 

 
0.005* 

Current smokers - active smoking at 24 years; current asthma – physician diagnosis of 
asthma and symptoms or medications within the previous 12 months at 24 years. SD – 
standard deviation. Univariate comparison using independent t-test. Multi-variate 
analysis using General Linear Model. * Bold font indicates p<0.05. 
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Table 4.5 Association between early life physiological factors (continuous) and 

FEV1/FVC at 24 years 

 
 

Association with 
FEV1/FVC at 24 years 
(Pearson’s Correlation 

co-efficient)  

p value 

   
Birthweight (kg) (n=116) -0.012 0.9 

 
Vmax FRC at 1 month (ml/sec) 
(n=112) 

0.19 0.046* 

Vmax FRC at 6 months (n=102) 0.223 0.024* 

Vmax FRC at 12 months (n=90)  0.215 0.042* 

FEV1/FVC at 6 years (n=63)  0.29 0.021* 

Airway responsiveness at 1 month 
(n=95) 

0.027 0.8 

Airway responsiveness at 6 months 
(n=91) 

0.013 0.9 

Airway responsiveness at 12 months 
(n=80) 

-0.007 0.9 

Airway responsiveness at 6 years 
(n=60)  

-0.27 0.037* 

Airway responsiveness measured by dose response slope to histamine challenge, log 
transformed. V’maxFRC corrected for gender, weight, height and maternal in utero 
smoking. *Bold font indicates p<0.05 
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Table 4.6 Association between early life environmental/ physiological factors 
(binary) and FEV1/FVC at 24 years 

 Mean FEV1/FVC 
 at 24 yrs (SD) 

univariate 

p value Mean 
FEV1/FVC 
at 24 yrs 

multivariate 

p value 

Exclusively 
breastfed 
         No (n=41) 
         Yes (n=50) 

 
0.81 (0.06) 
0.84 (0.06) 

 
 

0.019* 

 
0.793 
0.747 

 
 

0.007* 

Bronchiolitis 
         No (n=100)  
         Yes (n=7) 

 
0.83 (0.06) 
0.8   (0.07) 

 
 

0.2 
 

 
 
- 

 

Early smoke 
exposure 
         No (n=61) 
         Yes (n=33) 

 
0.83 (0.06) 
0.82 (0.07) 

 
 

0.3 
 

 
 
- 

 

Pets < 5 years  
         No (n=25) 
         Yes (n=86) 

 
0.85 (0.07) 
0.83 (0.07) 

 
 

0.12 
 

 
 
- 

 

Daycare < 2 years 
         No (n=97) 
         Yes (n=19) 

 
0.83 (0.06) 
0.83 (0.08) 

 
 

0.93 
 

 
 
- 

 

Infant atopy 
         No (n=71) 
         Yes (n=22)  

 
0.84 (0.07) 
0.8 (0.07) 

 
 

0.02* 
 

 
0.794 
0.746 

 
 

0.02* 

Asthma at 6 years 
        No (n=57) 
        Yes (n=12) 

 
0.84 (0.06) 
0.79 (0.07) 

 
0.018* 

 
0.82 
0.72 

 
<0.001* 

Exclusively breastfed for the first 3 months of life; Physician diagnosed bronchiolitis in 
first year of life; Tobacco smoke exposure in the home in the first year of life; A 
household pet before 5 years of age; Attended daycare before 2 years of age; infant 
atopy - a positive skin prick test by 1 year of age; Univariate comparisons using 
independent t-test. Multivariate analysis using general linear model. *Bold font 
indicates p value <0.05 
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Chapter 5: 

Airway function in infancy is linked 

to airflow measurements and 

respiratory symptoms from childhood 

into adulthood 
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Preamble 
This first paper gives an overview of lung function throughout the 24 years of the 

PIAF cohort. This was an important paper to start with as not only does it track 

lung function of this cohort from infancy into early adulthood, but also identifies 

many of the  factors that may modify lung growth and development, and are then 

explored in more detail in subsequent papers. Once the normal pathway of lung 

function development from infancy into adulthood is understood, this will pave the 

way for future studies to identify early life factors which influence adult respiratory 

function. 

 

One of the unique characteristics of the PIAF cohort is that lung function was 

measured at just one month of age and then repeated throughout infancy, a critical 

period for lung development. Absolute lung function results (in litres) were used 

in the analysis, rather than using percent predicted of reference data, to allow 

visualisation of the increase in absolute measurements over time. There is only one 

other respiratory birth cohort worldwide that has measured lung function in 

infancy and then followed participants into early adulthood, the Tucson Children’s 

Respiratory Study. In the Tucson study, infant lung function was only measured 

once, at a mean of 2.3 months of age +/- 1.9 month standard deviation and only on 

a small percentage of the overall cohort (n=123) 1.  The larger number of subjects 

in the PIAF study, with a younger age at first assessment and repeated assessments 

throughout infancy, puts this study in a unique position to accurately observe the 

tracking of lung function from infancy into adulthood. This degree of reliability is 

not possible with cross-sectional studies or from linking together multiple short 

longitudinal studies. 

 

Factors that are associated with lung function in the neonatal period and then 

factors that predict lung function from early childhood into early adulthood were 

also identified. By targeting these influential key factors, it may be possible to 

minimise lung damage and reduce the risk of lifelong respiratory compromise. 

 

This paper was published in Pediatric Pulmonology in August 2018. Dr Louisa 

Owens is the paper’s primary author and performed all the relevant tests for the 24 
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year assessments, collated and analysed the data and wrote the initial manuscript 

draft. Dr Turner performed the 11 year follow-up assessments and contributed to 

amendments of this manuscript. Professor Le Souëf was one of the original 

investigators involved in the design and set up of the PIAF cohort study. All co-

authors contributed to amendments of the manuscript and advised on data 

interpretation.  
 

 

1. Martinez FD, Morgan WJ, Wright AL, Holberg CJ, Taussig LM. Diminished lung function as a 
predisposing factor for wheezing respiratory illness in infants. The New England journal 
of medicine 1988; 319: 1112-1117. 

 
 

 
  
  



64 

Received: 21 February 2018 | Revised: 10 April 2018 | Accepted: 8 May 2018
    
DOI: 10.1002/ppul.24062 

 

ORIGINAL ARTICLE: PULMONARY PHYSIOLOGY
 

 

Airway function in infancy is linked to airflow measurements and   
respiratory  symptoms  from    childhood   into  adulthood 
 
Louisa Owens     |  Ingrid A. Laing PhD3,4 |  Guicheng Zhang PhD5,6 | 
Steve Turner     | Peter N. Le Souëf MD1 

 
1 School of Medicine University 
of Western Australia, Perth, 
Australia 
2 School of Women's and 
Children's Health, University of 
New South Wales, Australia 
3 Telethon Kids Institute, Subiaco, 
Western Australia, Australia 
4 School of Biomedical Sciences, 
University of Western Australia, 
Perth, Australia 
5 School of Public Health, Curtin 
University, Bentley, Western 
Australia, Australia 
6 Centre for Genetic Origins of 
Health and Disease, University of 
Western Australia and Curtin 
University 
7 School of Medical Sciences, 
University of Aberdeen, 
Aberdeen, Scotland 

 
Correspondence: 
Louisa Owens, Sydney Children's 
Hospital,  Australia.  
louisa.owens@health.nsw.gov.au 

 
Funding information: 
National Health and Medical 
Research Council, University of 
Western Australia; Asthma 
Foundation Western Australia 

INTRODUCTION 
The lungs mature throughout life, from development of 

the lung architecture in utero, airway and parenchymal 

growth in childhood and adolescence, through to 

degenerative changes during adulthood. Spirometry is a 

surrogate measure of both airway calibre and lung 

growth and the changes in the development of these 

with age are reflected in lung function testing.1 

 

Increasing evidence shows that determinants of poor 

lung function and respiratory disease in adulthood are 

active in very early life.2–7 

Both males and females reach their peak lung 

function in early adulthood, making this an ideal time to 

assess  total  lung growth.1 The antenatal, early life and  

 

Abbreviations: COPD, chronic obstructive pulmonary disease; DRS, dose response slope; FEF25-75%, forced expiratory flow rate between 25 and 75% of forced vital capacity; FEV1, forced expiratory 
volume in second; FVC, forced vital capacity; Log, natural logarithm; PIAF, Perth Infant Asthma Follow up study; V’maxFRC, Maximum flow rate at functional residual capacity. 

 

| © 2018 Wiley Periodicals, Inc Pediatric Pulmonology. 2018;53:1082–1088. 

Abstract 
Introduction: Increasing evidence suggests that poor lung function in adulthood is determined   very 
early in life. Our study aims were: (1) identify factors associated with early infant lung function; (2) 
quantify the link between early infant lung function and early adult lung function; and (3) identify 
environmental and inherited factors which predict lung function throughout the post-natal growth 
period. 
Methods: In this longitudinal study, 253 individuals were recruited antenatally. Lung function and 
allergy  testing           occurred     at             1, 6, 12              months, 6, 11, 18,        and          24              years          of           age. The relationship between 
lung function at 1 month (V’maxFRC) and spirometry variables at each follow-up was evaluated. 
Early life predictors of spirometry were assessed longitudinally using linear mixed models. 
Results: V’maxFRC correlated positively with FEF25-75% at every assessment from 6 to 24  years and 
FEV1/FVC        at  11  and  24     years    and      inversely     with        airway  responsiveness  at 6 and 18 years. Maternal 
asthma and smoking in pregnancy were associated with lower FEV1   from 6 to 24 years (−99 mL, P = 
0.03; −77 mL, P = 0.045 respectively). Lower V’maxFRC at 1 month was associated with asthma 
and wheeze through to 24 years. Conclusion: Lung  airflow  measurements  track from birth into early 
adulthood, suggesting a permanent and stable airway framework is laid down in the antenatal period. 
Lower infant airway function is associated with respiratory symptoms into adulthood, indicating the link is 
clinically important.  Antenatal and early life exposures must be addressed in order  to  maximize   airway 
growth  and  reduce  lifelong    respiratory    compromise. 

 
KE YW OR DS  

asthma, infant lung function, longitudinal birth cohort, spirometry 
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genetic factors that affect this peak in lung function will 

likely impact on function through to late adulthood. 

Reduced lung function in early adulthood is associated with 

chronic obstructive pulmonary disease (COPD) in later life,8 

emphasizing the importance of attaining maximum lung 

growth prior to the inevitable decline. Identifying in utero, 

genetic, and environmental factors which affect growth in 

lung function from early infancy, throughout childhood 

and into adulthood, has the potential to lead to interventions 

that ensure maximum lung growth is attained, thus leading to 

improved lifelong lung health. 

In the Tucson longitudinal respiratory birth cohort study, 

those with low lung function in infancy continued to have low 

lung function into adulthood.9 Despite the importance of this 

finding, the study's results have not been replicated given the 

several decades of follow-up necessary and the difficulties 

in performing infant lung function testing, which was a 

relatively new technique 30 years ago.9 

In our cohort, infants’ lung  function was studied very 

early, at 1 month of age when minimal effect of   post-natal 

exposures would be expected, and was repeated during 

infancy at 6 and 12 months. Spirometry was performed by 

the cohort at follow-up assessments every 6 years between 

the ages of 6 and 24 years of age. We hypothesized that 

both lung function at 1 month and post-natal 

environmental exposures are important in determining the 

peak lung function reached by young adults. The aims of our 

study were to: (1) identify the factors associated with lung 

function measured   soon after birth; (2) assess the link 

between lung function at 1 month of age and lung function in 

early adulthood; and (3) identify environmental and inherited 

factors that predict lung function throughout the post-natal 

growth period, between 1 month and 24 years. 

 
 MATERIALS AND METHODS  

The Perth Infant Asthma Follow up study (PIAF) is a 

longitudinal birth cohort with 253 individuals recruited 

antenatally from a suburban maternity hospital between 

1987 and 1990. There was no preselection based on family 

history of asthma or atopy. Recruitment has been described 

in detail previously.10 

These subjects have had detailed respiratory assessments 

at 1, 6, 12 months, 6, 11, 18, and 24 years of age, including 

questionnaires, lung function, airway responsiveness, and 

skin prick testing. 

Infant lung function testing at 1, 6, and 12 months of age 

involved rapid thoraco-abdominal compression during tidal 

breathing at the end of normal inspiration, after sleep was 

induced with oral chloral hydrate.11 V’maxFRC, the 

maximum flow at functional residual capacity, was 

recorded as the mean of 3-5 acceptable measurements. Infant 

lung function data were not reported as percent predicted 

according to our laboratory's reference equation, as this 

equation adjusts for sex and in utero smoke exposure.12 

Spirometry, using a dynamic forced expiratory flow 

manoeuvre at 6, 11, 18, and 24 years, measured forced 

expiratory volume in 1 second  (FEV1), forced vital capacity 

(FVC), forced expiratory flow between 25 and 75% of FVC 

(FEF25-75%) and FEV1/FVC.13 Airway responsiveness was 

assessed at 1 month of age with a histamine challenge 

using hand-held glass dosimeters and the Yan technique.14 

Increasing concentrations of histamine were inhaled until a 

drop in V’maxFRC of 40% was reached, signifying a positive 

test. Those with a negative airway responsiveness challenge 

did not reach a 40% drop in V’maxFRC despite inhaling the 

maximum cumulative dose of 7.8 µmol of histamine. The 

dose response slope (DRS) is the maximum percentage 

drop in V’maxFRC divided by the cumulative dose of 

inhaled histamine.15 

Skin prick testing was carried out at 1, 6, and 12 months of 

age to rye grass pollen, cow's milk, egg white, 

Dermatophagoides pteronyssinus, and D. farinae.16,17 A 

mean wheal diameter of ≥3 mm greater than the control 

was recorded as positive. Only those with a positive result or 

those  who  were  assessed    at  all    three   time points (n = 179) 

were included in the analysis, as a positive test could not be 

ruled out otherwise. 

Antenatal and infant questionnaires were completed 

by one or both parents at each assessment and included: 

questions regarding current and previous smoking history 

and current and previous feeding history including 

breastfeeding history and timing of introduction of breast 

milk substitute formula. Only those with complete feeding 

history were included in the analysis  of  breastfeeding (n = 

181). 

Questionnaires from 6 years of age were completed by 

the parent or participant as appropriate. Recent wheeze at 

each assessment   was defined by symptoms in the previous 

12 months. Current asthma at each assessment was defined 

by a physician diagnosis, plus symptoms or asthma 

medications within the previous 12 months. 

Predictive variables were chosen based on known 

associations with lung function in infancy or childhood and 

included: sex; exposure to tobacco smoke in utero; parental 

history of asthma; birth weight; exclusive breastfeeding the 

first 3 months in infancy; infant atopy (a positive skin prick 

testing at 1, 6, or 12 months of age); physician diagnosis 

of asthma during childhood; smoking. 

The study was approved by the Princess Margaret 

Hospital for Children Ethics Committee (2054EP). 

Parents, or subjects when appropriate, signed informed 

consent forms for each assessment. 

Statistics 
Factors associated with V’maxFRC at 1 month were 

identified using the General Linear Model. Each potential 

factor was entered into the model separately. Infant length at 

time of assessment was included and the mean V’maxFRC for 

each group was standardized to the mean length of the 

infants. All significant variables from the univariate model 

were then included in a multivariate model, including 

interaction terms. The association between lung function 

at 1 month and at subsequent follow-ups was assessed 

with Pearson's correlation (r) or Spearman's correlation 

(ρ) for non-parametric variables. R2 estimated the % 

variability in spirometry measurements accounted for by 

infant lung function. V’maxFRC at 1 month was log 

transformed (base e) to approach a normal distribution 

and then adjusted for concurrent length. Dose response 

slope from histamine challenge was also log transformed. 

Spirometry variables were adjusted for sex and concurrent 

height at each assessment.  
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Linear mixed models were used to assess the link 

between early life factors and spirometry outcomes 

longitudinally, in the context of known infant lung 

function, using unstructured covariance. Spirometry 

variables from each assessment at 6, 11, 18, and 24 

years were included in the model. Time-dependent 

factors, age and height at each assessment, were 

included in the model and sex was included as a time-

independent factor. Each predictive variable was 

entered into the model separately and then significant 

factors were all included in a multivariate model. 

V’maxFRC was again logarithmically transformed and 

adjusted for length. 

Lung function at 1 month of age as a predictor of 

recent wheeze and current asthma at each follow-up 

was assessed with logistic regression and odds ratios 

are reported. Post-hoc analysis included current atopy 

as a co-factor in the model, as defined by positive skin 

prick test. V’maxFRC at 1 month was log transformed, 

adjusted for length and divided into two groups, about 

the median. Mean spirometry variables at each 

assessment were calculated for these two groups, 

having adjusted for concurrent height, age, and sex 

and standardized to the mean height and age, using a 

general linear model. This is portrayed graphically. 

A 2-sided P value <0.05 was used to define statistical 

significance. Statistical analyses were performed using 

IBM SPSS Statistics for Windows, version 24.0.0 

(Released 2016, Armonk, NY: IBM Corp.) 

 

RESULTS 
Baseline Data 

Of the original cohort, 242 participants had infant lung 

function testing at 1 month of age, 195  at  6  months, 

and 165  at  12 months. Of   those assessed at 1 month, 

190 were seen for follow up at least once at 6, 11, 18, 

or 24 years and were included in longitudinal analysis. 

Participation numbers and characteristics at each 

follow up have been presented previously.24 There was 

less maternal in utero smoke exposure in the group 

seen at 18 and 24 years (25%), than in the original 

cohort (32%). Unadjusted baseline spirometry at each 

assessment is presented in Supplementary Table S5.1. 

 

Lung function during infancy 
Mean    V’maxFRC doubled in   the first  year  of  life  

from  98.9 mL/s  (SD 49.6) at 1 month, to 157.2 mL/s 

(SD 71) at 6 months, and 200.1 mL/s (SD 82.8) at 12 

months of age. Lung growth tracked throughout 

infancy with a strong correlation between V’maxFRC at 

1 month and 6 months (ρ = 0.55, P < 0.001) and 

V’maxFRC at 6 months and 12 months of age (ρ = 0.45, 

P < 0.001). 

Predictors of lung function at 1 month of age 
Male gender   was associated with lower lung  function   

at   1 month   of age (mean V’maxFRC: males 92.0 mL/s 

and females 107.3 mL/s, P = 0.019). Exposure to 

maternal tobacco smoke in utero was associated with 

lower infant lung function at 1 month (mean V’maxFRC: 

89.4 mL/s if exposed and 104.4 mL/s if not exposed, 

P = 0.027). Birth weight, parental asthma, paternal 

smoking during the pregnancy, and infant atopy were 

not associated with a significant difference in lung 

function at 1 month of age (Table 5.1). 

In the multivariate model, sex (P = 0.044), and maternal 

in utero smoking (P = 0.022) were independently 

associated with V’maxFRC at 1 month of age. There was 

no significant interaction effect between sex and 

maternal smoking on infant lung function (P = 0.576). 

 

Tracking of lung function: 1 month to 24 years 
V’maxFRC at 1 month correlated with FEF25-75% at each 

assessment from 6 to 24 years and with FEV1/FVC at 11 

and 24 years (Supplementary Table S5.2). R2 ranged from 

0.03 to 0.08, thus V’maxFRC at 1 month accounted for 

up to 8% of the variability in FEF 25-75% and FEV1/FVC at 

each follow up    assessment. 

V’maxFRC was inversely correlated with airway 

responsiveness, as measured by the dose response slope 

in histamine challenge, at 6 and 18 years (r = −0.25 P = 

0.013 and r = −0.22 P = 0.016 respectively. 

Supplementary Table S5.2). 

 

Infant airway responsiveness and spirometry at each 
follow up 

Infant airway responsiveness at 1 month of age, as 

measured by the DRS to histamine challenge, was  

significantly  correlated with FEV1 and FVC at 6 years of 

age (r = −0.225, P = 0.039; r = −0.338, P = 0.002, 

respectively), but not at further assessments between 11 

and 24 years of age. There was no link between 

V’maxFRC and DRS at 1 month (Supplement Table S5.3). 

 

Longitudinal analysis of lung function 
Among those with infant lung   function measurements 

at 1 month of age, 190  participants  had  525  follow-up  

lung   function   assessments at 6, 11, 18, and/or 24 

years. In longitudinal analysis, V’maxFRC at 1 month was 

positively associated with FEF25-75% and FEV1/FVC from 

6 to 24 years. Exposure to maternal smoking in utero was 

associated with   lower  FEV1  from 6 to 24 years 

compared with those not exposed (mean difference 

−0.085 L, P = 0.048). A history of physician  diagnosed 

asthma  was  associated with lower FEV1/FVC from 6 to 

24 years compared  with  those  with  no history of 

asthma (mean  difference −3.1%, P = 0.001). A positive 

skin  prick test  in the first year was associated with lower 

FEV1,FEF25-75%, and FEV1/FVC from 6 to 24 years 

compared with those with no positive skin prick tests 

during infancy (mean difference −0.138L p=0.018, 

−0.298L/s p=0.006L/s, and −2.3% p=0·034, respectively).  
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TABLE 5.1 Factors associated with lung function at 1 month of age: Univariate model 
 N Mean V’maxFRC 

mL/s 
95%CI P value 

Sex     

Male 134 91.98  83.52-100.45 0.019 

Female 108 107.27 97.82-116.72  

Maternal asthma 

No 192 98 .88 91.79-105.98 0.96 

Yes 50 98.5 84.58-112.43  

Paternal asthma     

No 197 103.15 92.89-107.01 0.34 

Yes 34 93.75 75.92-109.97  

Maternal smoking in pregnancy 

No 157 104.37 96.59-112.14 0.027 

Yes 84 89.38 78.71-100.05  

Paternal smoking in pregnancy 

No 141 90.1 94.76-111.55 0.17 

Yes 88 82.27 83.41-104.1  

Birth weight     

<3000 g 43 85.04 69.45-100.64 0.276 

3000-3500 g 97 102.59 92 · 56-112.63  

3500-4000 g 72 101.48 89.68-113.27  

>4000 g 27 103.22 83.72-112.73  

Early atopy     

No 138 103.62 94.97-112.27 0.093 

Yes 31 86.26 67.9-104.56  

V’maxFRC  at  1  month  was   adjusted   for  length   and   then   standardised    to    mean    length   of    the infants  at  1  month  (=55.1 cm). 95% CI= confidence  intervals. Bold  
font indicates  P < 0.05. Parental  asthma      ever  at  time  of  recruitment.         Parental     smoking      at    all    during the       pregnancy.         Early atopy :          positive  skin  prick      test   in  first  year    

 

Current tobacco smoking at 24 years of age was not 

associated with any lung function variable from 6 to 24 

years. Table 5.2. 

Only variables with a significant relationship in the 

univariate analysis (P < 0.05) were included in multivariate 

analysis. V’maxFRC at 1 month was associated with FEF25-

75% from 6 to 24 years in the multivariate analysis and 

infant atopy was associated with FEV1, FEF 25–75%, and 

FEV1/FVC from 6 to 24 years (Table 5.3). 

 

Longitudinal lung function and V’maxFRC below and 
above median 

Using Linear Mixed Models, including sex, age, and height in the 

model, V’maxFRC above the median at 1 month was 

associated with significantly higher FEF25-75% from 6 to 24 

years (mean difference 0.22L/s, P = 0.001) and  FEV1/FVC 

longitudinally from 6 to 24 years (mean difference 2.46% P = 

0.002). There was no significant association with FEV1 or FVC. 

The mean lung function at each assessment are depicted in 

Figure 5.1. 

 

 V’maxFRC predicts wheeze and asthma 

Participants  with a V’maxFRC below the median at 1 month of age 

were more likely to have had recent wheeze within the previous 12 

months at 6, 11, and 24 years, than  those  with  V’maxFRC  

above  the  median. 

Participants with a V’maxFRC below the median at 1 month of 

age were more likely to have asthma in the previous 12 months 

at 18 and 24 years, than those   with  V’maxFRC  above  the  

median (Table 5.4). These associations remained significant 

when adjusted for current atopy (OR =4.3, P = 0.013 at 18  

years  and  OR = 5.5, P = 0.009  at  24 years). 

 

DISCUSSION  
Our study establishes that the principal influence of 

impaired infant lung function on respiratory function in 

early adulthood is on airflow, as measured by FEV1/FVC 

and FEF25-75%, rather than overall lung size, as 

measured by FEV1 and FVC. We have also demonstrated  

that  low lung function in early infancy is associated with 

respiratory symptoms throughout childhood and into 

early adulthood. The clearly separate relationships 

between infant V’maxFRC (a flow-related variable) and 

flow-related spirometric variables in adulthood, as 

opposed to variables more greatly influenced by lung 

size, have not been  previously demonstrated. 
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TABLE 5.2 Associations with lung function longitudinally from 6 to 24 years: Univariate analysis 

Mean difference 

Mean difference in FEV1 Mean difference in FVC (L) in FEF25-75% (L/s) Mean difference in 

(L) (6-24 years) (6-24 years) (6-24 years) FEV1/FVC (6-24 years) 

 No. of subjects 
included 

(no. of assessments) 

 
(SE) 

 
P value 

 
(SE) 

 
P value 

 
(SE) 

 
P value 

 
(SE) 

 
P value 

Ln V’maxFRC at 1 month 190 (525) 0.01 (0.015) 0.53 −0.002 (0.029) 0.49 0.08 (0.03) 0.008 0.015 (0.004) <0.001 

Maternal smoking in 

pregnancy 

199 (549) −0.077 (0.038) 0.045 −0.109 (0.062) 0.087 −0.067 (0.064) 0.293 −0.0021 (0.008) 0.86 

Maternal asthma 200 (549) −0.099 (0.045) 0.03 −0.078 (0.048) 0.1 −0.037 0.074 0.62 −0.012 (0.009) 0.21 

Breastfed × 3 months 147 (454) 0.037 (0.04) 0.39 −0.009 (0.065) 0.88 0.065 (0.076) 0.39 0.015 (0.01) 0.1 

Early atopy 150 (430) −0.138 (0.055) 0.019 −0.062 (0.084) 0.47 −0.25 (0.086) 0.004 −0.023 (0.011) 0.036 

Asthma ever 145 (450) 0.048 (0.052) 0.36 0.047 (0.035) 0.18 −0.11 (0.075) 0.14 −0.031 (0.009) 0.001 

Tobacco smoker at 24 years 147 (452) 0.015 (0.04) 0.73 0.114 (0.076) 0.17 −0.019 (0.087) 0.83 −0.02 (0.011) 0.074 

Univariate                 analysis  using        linear  mixed  model.          Mean  difference  in  lung  function  associated   with  each     factor,    assessed                 longitudinally  from        6          to 24 years. Time dependent  
variables  age and height at each assessment and the time-independent variable of sex were included in the model. V’maxFRC mL/s at 1 month was log transformed and then 
adjusted for infant length. Bold font indicates P < 0.05. 

 

There is likely a causal relationship between the 

development of relatively abnormal airway physiology 

antenatally and the clinical outcomes related to airway calibre, 

wheeze, and asthma, which persist throughout the post-natal 

lung growth period. 

Our findings are in line with prior reports, including those 

from the Tucson Children's Respiratory Study,9 that have 

found infant lung function to be related to reduced lung 

function in early adulthood, however  previous     studies     did     not   

demonstrate   an  association specifically with variables that 

reflect airway function. Infant lung function in our cohort was 

measured in a larger number of subjects and closer to birth with   

a  tightly  controlled    age  range   and  hence less likely to be 

influenced by environmental factors. Physiologically, the 

strength of our current data, when considered alongside data 

from previous analyses,9,18 suggests that a permanent airway 

structure is laid down    in  the  antenatal  period,   but  that this is 

separate from the potential for lung growth, which is also known 

to be influenced by antenatal and early life exposures. 

V’maxFRC at 1 month of age was inversely associated with 

airway responsiveness at 6 and 18 years. That is, those with 

higher lung function in infancy, had lower airway 

responsiveness later on and vice versa. Increased airway 

responsiveness, sensitivity of the airways, is one of the hallmarks 

of asthma and correlates with symptom severity. Airway 

responsiveness is related to inflammation of the lower airways19 

and airway inflammation is associated with reduced 

airflow. As we did not take airway samples, we could not 

assess for the presence or degree of airway inflammation. 

A previous publication from the 6 year follow- up of the 

PIAF cohort, showed that increased airway responsiveness 

during infancy was associated with lower lung function in 

early childhood.20 However in subsequent assessments, 

this association is no longer seen, suggesting that infant 

airway responsiveness and the presumed underlying 

inflammation, is not a permanent change. 

A number of factors were identified which were associated 

with lung function at just 1 month of age. Exposure to 

maternal in utero tobacco smoking and male gender were 

both independently associated with lower V’maxFRC at 1 

month. These findings have previously been reported in the 

PIAF cohort, albeit when looking at repeated measurements 

throughout the first year of life, as well as in studies by other 

groups.12,21,22 We assume that lung function at 1 month of age is 

reflective of antenatal growth. Only term infants were included 

and this first assessment was performed before the infants’ 

had any significant respiratory illnesses but there would 

have been some environmental exposures, such as exposure 

to tobacco smoke in the home, feeding (breastmilk vs formula) 

and aeroallergen exposure (house dust mite, animal dander, 

pollens etc.), which could potentially have had some impact on 

lung function in the neonatal period. 

 TABLE 5.3 Factors associated with lung function longitudinally from 6 to 24 years: Multi-variate analysis 

Mean difference FEV1(L) Mean difference FEF25-75%           Mean difference  FEV1/FVC(L)             
6-24 yrs n = 150        6-24 yrs n = 146 6-24 yrs n = 110 

  (SE) P value (SE) P value (SE) P value 

Maternal smoking −0.061 (0.041) 0.148 - - - - 

Maternal asthma 0.084 (0.05) 0.1 - - - - 

V’maxFRC at 1 month - - 0.09 (0.033) 0.008 0.035 (0.039) 0.36 

Early atopy −0.125 (0.05) 0.015 0.218 (0.087) 0.013 −0.024 (0.095) 0.013 

Asthma ever - - - - −0.039 (0.085) 0.65 

Multi-variate analysis using linear mixed model. Mean difference in lung function associated with each factor, assessed longitudinally from 6 to 24 years. Time dependent variables age 
and height at each assessment and the time-independent variable of sex were included in the model. V’maxFRC was log transformed and then adjusted for length. Only variables 
with P < 0.05 in the univariate model were included in the multivariate model. Bold font indicates P < 0.05.
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FIGURE 5.1 Lung function at 6, 11, 18, and 24 years with V’maxFRC above and below the median at 1 month of age. Panel A. FEF 25-
75%; panel B. FEV1/FVC; panel C. FEV1; panel D. FVC. Univariate general linear model with V’maxFRC at 1 month log transformed and 
then adjusted for length and gender. Blue line—V’maxFRC <median at 1 month of age, red line—V’maxFRC >median at 1 month of age. 
Spirometry adjusted for gender, height, and age at assessment and standardized to mean age and height at each assessment 

 
 
 

In utero tobacco smoke exposure was associated 

with lower infant lung function at 1 month of age as well as 

lower FEV1 throughout childhood up to early adulthood. This 

subtle deficit, mean 77 mL, may be of long-term clinical 

significance  given  that a lower FEV1 in early adulthood is 

associated with increased risk of COPD as well as all-cause 

mortality.23,24 In this cohort, those with a history of asthma 

during childhood had persistently lower FEV1/FVC throughout 

childhood up to early adulthood, while a history of maternal 

asthma was associated  with lower FEV1. Asthma in early 

adulthood is associated with lower infant lung function at 1 

month and reduced flow throughout childhood.25 Low FEV1/FVC 

is a defining criteria of COPD and these results support the 

hypothesis that childhood asthma is a risk factor for COPD.26 The 

association between early atopy and lower lung function from 

infancy into early adulthood has previously been reported in this 

cohort.18,25 The effect of children smoking tobacco themselves 

during childhood and adolescence on lung function was not 

addressed in this study, as parents were present at the 

assessments up until 18 years of age and thus a truthful answer 

could not be assumed. Therefore only tobacco smoking at 24 

years was included in the model and so we are unable to comment 

on the effect of self-smoking on the developing lung.  

This study has a number of limitations which are inevitable 

due to the length of follow up. Firstly, the technique for 

measuring infant lung function which was used in this study is 

based on the tidal volume range and was the standard in the late 

1980s when this study began. This technique has since been 

adapted to more closely mimic spirometry using raised volume.27,28 

However, we still found significant correlations between the 

infant lung function measurement, V’maxFRC, and spirometry 

variables, particularly FEF25-75%, which is also a measure of 

airflow at low lung volume. Total infant lung capacity 

measurements would have been interesting, but measuring this in 

addition to the technique used would have been impractical. 

Furthermore, infant lung function testing is a very labor and time 

intensive procedure, making the recruitment of large cohorts 

almost impossible. Given that this study has spanned almost 3 

decades, a loss to follow up is not unexpected. Perth , Western 

Australia is a particularly  isolated city and many young people 

travel for work, college or leisure in their early adult years, which 

may have contributed to the difficulty in retaining participation.  By 

using mixed models, we were able to compensate for missing 

values in those who had multiple follow-ups.

TABLE 5.4 Odds ratio for developing outcome at each assessment if V’maxFRC below the median at 1 month of age 
 6 year  11 years  18 years  24 years  

OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value 

Recent 
Wheezea 

8.05 (1.5-10.4) 0.004 4.5 (1.1-5.4) 0.033 3.1 (0.92-4.2) 0.08 2.0 (1.09-4) 0.047 

Current 
Asthmab 

1.6 (0.7-3.7) 0.27 1.8 (0.8-4) 0.16 3.5 (1.2-10.5) 0.023 4.05 (1.4-11) 0.006 

a Wheeze reported in the 12 months prior to assessment. 
b Physician diagnosis of asthma with symptoms or medications in the 12 months prior to 
assessment. Bold font indicates p value < 0.05 
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Another limitation to note is that lung function was performed 

without bronchodilator responsiveness, therefore reversibility was 

not assessed. However, in another longitudinal respiratory birth 

cohort study, there was no significant difference in relationships 

between pre and post bronchodilator values at follow ups and 

infant lung function.9  

Lung airflow measurements track from soon after birth into 

early adulthood, indicating a permanent and stable airway 

framework, which is laid down in the antenatal period.   Lower   

airway    function    in   infancy   is   associated with respiratory 

symptoms through into adulthood, signifying a clinically significant 

effect. Antenatal  factors, particularly tobacco smoke exposure, 

must continue to be addressed in order to maximize lung function into 

early adulthood and thus reduce the risk for lifelong respiratory 

compromise. 
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Supporting Information 
 

Supplementary table S5.1. Unadjusted baseline spirometry 
Survey 

age 

n FEV1 (L) FVC (L) FEF25-75% 

(ml/s) 

FEV1/FVC % 

  Mean SD Mean SD Mean SD Mean SD 

Females         
 

6 years 52 1·31 0·2 1·5 0·23 1·44 0·4 88% 9 

11 years 80 2·3 0·5 2·49 0·5 2·68 0·7 93% 6 

18 years 60 3·55 0·5 4·1 0·6 4·1 0·9 88% 7 

24 years 50 3·37 0·4 3·99 0·5 3·76 0·86 85% 7 

Males          

6 years 58 1·32 0·3 1·52 0·3 1·44 0·5 87% 6 

11 years 103 2·27 0·4 2·5 0·5 2·56 0·6 91% 6 

18 years 81 4·7 0·7 5·55 0·8 5·06 1·2 85% 7 

24 years 69 4·64 0·7 5·68 0·85 4·74 1 82% 7 
Unadjusted baseline spirometry in males and females at each assessment
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Supplementary table S5.2. Correlation between lung function at 1 month of age 
(V’maxFRC) and spirometry at follow up assessments 

 n FEV1 FVC FEF 25-75% FEV1/FVC Log DRS 

  r P value r P value r P value r P value r P value 

6 years 105 0·166 0·09 0·086 0·38 0·286 0·004 0·15 0·127 -0·25 0·013 

11 years 175 0·04 0·57 -0·17 0·12 0·207 0·006 0·278 <0·001 -0·13 0·1 

18 years 134 0·82 0·35 -0·04 0·68 0·205 0·017 0·162 0·061 -0·.22 0·.016 

24 years 111 0·091 0·34 -0·18 0·85 0·191 0·044 0·189 0·.049 -0·09 0·49 

V’maxFRC at 1 month was logarithmically transformed and then adjusted for length at 1 month. 
Spirometry values were adjusted for sex and height at each assessment.  
Log DRS – dose response slope was log transformed 
r = Pearson’s correlation co-efficient. Bold font indicates p<0·05 

 
 
 
 
Supplementary Table S5.3. Correlation between infant airway responsiveness (DRS) 
and lung function at each assessment 

 
 

V’maxFRC FEV1 FVC FEF 25-75% FEV1/FVC 

DRS at 

(age) 

    n r P value r P value r P value r P value r P value 

1 month 202 -0.28 0.69 -  -  -  -  

6 years 85 -  -0·225 0·039 -0·338 0·002 -0·178 0·113 0·193 0·07 

11 years 148 -  -0·079 0·341 -0·094 0·225 -0·068 0·48 0·026 0·75 

18 years 116 -  -0·137 0·14 -0·089 0·341 -0·114 0·225 -0·048 0·61 

24 years 94 -  -0·011 0·92 -0·015 0·89 0·085 0·414 0·003 0·97 

Dose response slope to histamine at 1 month was logarithmically transformed and correlated with 
spirometry at each follow up assessment.  
V’maxFRC was log transformed and adjusted for length 
Spirometry values were adjusted for sex and height at each assessment.  
r = Pearson’s correlation co-efficient. Bold font indicates p<0·05 
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Supporting Information Unpublished: 

Supplementary Table S5.4. Number of subjects who contributed data at each 
assessment to the longitudinal analysis 

 Total no. of 

subjects (total no. 

of assessments) 

No. of subjects at 

6 years 

No. of subjects at 

11 years 

No. of subjects at 

18 years 

No. of subjects at 

24 years 

Ln V’maxFRC at 

1 month 

190 (525) 106 174 135 110 

Maternal smoking 

in pregnancy 

199 (549) 106 184 141 118 

Maternal asthma 200 (549) 106 184 141 118 

Breastfed × 3 

months 

147 (413) 84 137 105 91 

Early atopy 150 (430) 86 140 112 92 

Asthma ever 145 (450) 78 136 120 116 

Tobacco smoker at 

24 years 

147 (457) 79 138 122 118 

 

 

There were 105 subjects who had lung function tested in infancy at 1 month of age, 

pre-puberty at 11 years and in early adulthood at 24 years. 
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Chapter 6: 

Infant lung function predicts asthma 

persistence and remission in young 

adults 
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Preamble 
Following on from the comprehensive review of lung function development 

throughout childhood and adolescence, this paper focuses specifically on those 

with asthma. In the first paper of this thesis, low infant lung function was 

associated with a diagnosis of asthma at 18 and 24 years, and in the next paper I 

expand on this and look at the effect of infant lung function in determining the risk 

of asthma in young adults.  

 

Asthma related questions collected at each assessment included history of 

physician diagnosis and ongoing symptoms or medications suggestive of current 

asthma. Previous studies have shown that reduced lung function during infancy is 

associated with asthma during childhood. However, over half of children with 

asthma no longer have symptoms after adolescence. The link between infant lung 

function and asthma in adults has not previously been assessed, particularly in 

relation to the persistence and remission of symptoms.  

 

This paper was published in Respirology in February 2017 as the Editor’s Choice 

Article with free access and led to an interview segment on Australian 

Broadcasting Corporation’s National Radio’s “The Health Report” with Dr 

Norman Swan. 

 

Dr Louisa Owens is the primary author of this paper and performed all the relevant 

tests for the 24 year assessments, collated and analysed the data and wrote the 

manuscript. Professor Le Souëf was one of the original investigators involved in 

the design and set up of the PIAF cohort study. All co-authors contributed to 

amendments of the manuscript and advised on data interpretation.  
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ORIGINAL ARTICLE 
Infant  lung   function    predicts     asthma       persistence  

and   remission in  young  adults 
LOUISA OWENS,1 INGRID A. LAING,1,2 GUICHENG ZHANG1,3 AND PETER N. LE SOUËF1 

 
1School of Paediatrics and Child Health, University of Western Australia, 2Telethon Kids Institute and 3School of Public 

Health Curtin University, Perth, Western Australia, Australia 

ABSTRACT 
Background and objective: Asthma in adults is associated 
with a persistent reduction in lung function from 
childhood, but this link has not been assessed back to 
infancy. Reduced infant lung function (ILF), a measure 
of antenatal and infant lung growth, is associated with 
asthma into adolescence. Our aim was to assess whether 
this link persists into adulthood and whether ILF can 
predict the remission of asthma symptoms in young 
adults. 
Methods: The study cohort was an unselected full-term 
birth cohort of 253 subjects enrolled antenatally with lung 
function assessments at 1, 6 and 12 months (maxi- mum 
expiratory flow at functional residual capacity, 
V’maxFRC), and 6, 11,  18  and  24 years  (spirometry)  of 
age. 
Results: Infants with V’maxFRC in the lowest quartile at 1 
month had an OR of 5.1 (95% CI: 2–13, P = 0.001) for 
asthma at  24 years.  Subjects with  asthma  at  24 years 
had a mean V’maxFRC at 1 month of 69% predicted (95% 
CI: 48–90%) versus 110% (95% CI: 101–119%) in 
non-asthmatic  patients  (P = 0.001).  Subjects with cur- 
rent versus resolved asthma symptoms at 24 years had a 
mean V’maxFRC at 1 month of 69% predicted (95% CI:    
53–84%)    versus    105%    (88–123%),  respectively 
(P  =  0.003).  Subjects with  current  asthma  at  24 years 
had persistently lower lung function from infancy with 
a   mean   reduction   of   16.2%   (95%   CI:   8.1–24.3%, 
P < 0.0001). 
Conclusion: Reduced lung function in early infancy is 
predictive of persistent asthma in young adults and a 
persistent reduction in lung function, suggesting abnor- 
mal lung development and growth in utero or very early in 
life. 

 

 
Abbreviations: ANOVA, analysis of variance; COPD, 
chronic obstructive pulmonary disease; FEF25–75%, 
forced expiratory flow during 25-75% of forced vital 
capacity; FEV1, forced expiratory volume in 1 s; FVC, 
forced vital capacity; ILF, infant lung function; PIAF, 
Perth Infant Asthma Follow-up; RTC, rapid thoraco-
abdominal compression; V’maxFRC, maximum 
expiratory flow at functional residual capacity. 
 

INTRODUCTION 
Asthma in childhood has been linked to antenatal 
and early life factors prior to the development of 
symptoms including genotype, respiratory 
infections and early allergic sensitization.1–3 Asthma 
in adults is associated with bronchial 
hyperresponsiveness, reduced lung function as 
measured by spirometry and allergies in school-aged 
children,4,5 but this link has not been extended back 
to the first few years of life, during crucial lung 
development. 

Lung function tests measure lung growth and 
development. For infants, rapid thoraco-abdominal 
compression (RTC) measures maximum expiratory 
flow at functional residual capacity (V’maxFRC) 
during a chest squeeze using an inflatable jacket.6 

More recent techniques, such as the ‘raised volume 
RTC’ technique, first inflate the infants’ lungs.7 
Longitudinal studies have shown that lung function 
measured by spirometry tracks from infancy 
through into adulthood.8,9 Reduced lung function in 
neonates is associated with current asthma during 
childhood and a history of asthma in adolescence 
but this has not been assessed into adulthood. 8,10,11 
However, reduced infant lung function (ILF) is  
associated  with wheeze throughout childhood and 
adolescence but not into adulthood.9,12–15 Yet,  
wheeze can encompass incidental airway irritation 
from tobacco smoke or a viral infection, while an 
asthma  diagnosis suggests chronic lower airway 
inflammation leading to airway 
hyperesponsiveness and recurrent symptoms.

   
Correspondence: Louisa Owens, Respiratory Department, 
Sydney Children’s Hospital, High Street, Randwick, Sydney, 
NSW 2031, Australia. Email: louisa.owens@health.wa.gov.au 

Received 10 January 2016; invited to revise 23 March and accepted  
14 July 2016 (Associate Editor: Stacey Peterson-Carmichael)

SUMMARY AT A GLANCE 

 

Editor's Choice 

mailto:louisa.owens@health.wa.gov.au


77 Infant lung function predicts adult asthma 
 

77 

Asthma is associated with a consistent reduction in 
lung function from mid-childhood into adulthood, 
with minimal further deficit after 
adolescence.5,8,9,16,17 We predict that this deficit can 
be traced back to infancy. Our concern is that this 
deficit may progress to COPD without requiring 
any further insults.18–20 

Approximately 30% of subjects with childhood 
asthma have symptom resolution by early 
adulthood, with preschool factors such as atopy, 
airway responsiveness and female gender 
associated with the persistence of symptoms.4,5 
However, a comparison between subjects with 
resolved versus persistent disease has not been 
made using early functional  testing.  Therefore, 
the influence of ILF, as a marker of in utero lung 
development, on the persistence of asthma into 
adulthood is not known. 

The aim of this study was to use 
comprehensive longitudinal data from a well-
established birth cohort to test the hypotheses 
that reduced lung function in infancy is: (1) 
associated with asthma in early adult- hood and 
(2) can predict symptom persistence versus 
remission. 
 

METHODS 
 
The Perth Infant Asthma Follow-up (PIAF) 
cohort is a longitudinal birth cohort of 253 
participants, recruited from an Australian 
maternity hospital between 1987 and 1990. The 
initial study design and methods have previously 
been described.21 There were no selection criteria 
based on family history of asthma or atopy. The 
majority of infants (95%) were of Caucasian 
ethnicity. Exclusion criteria included preterm birth 
or respiratory symptoms before the first 
assessment at 1 month of age. Subjects were 
reassessed at 6 and 12 months, and 6, 11, 18 and 
24 years of age. Each follow-up was approved by 
the Princess Margaret Hospital Human Ethics 
Committee (2054EP) and parental or participant 
consent was obtained for each assessment. 
Contact details of subjects, both parents and two 
close relatives were updated at each assessment. 
For the 18- and 24- year assessments, data linkage 
using the electoral role of Western Australia 
identified new addresses for several subjects. Due 
to compulsory voting in Australia, the electoral 
role contains a comprehensive list of those eligible 
to vote within the state. A private Facebook page 
was set-up for the 24-year assessments to contact 
and communicate with participants. 

A questionnaire was completed at each 
assessment. All asthma definitions were based on 
a physician diagnosis. ‘Current asthma’ was 
defined by symptoms or use of asthma 
medications in the previous 12 months and 
‘resolved asthma’ was defined by no symptoms or 
asthma medication use in the previous 12 months. 
‘asthma-ever’ included subjects with current and 
resolved symptoms. ‘Recent wheeze’ was defined 
as at least one episode of self-reported wheeze in 
the previous 12 months.  

RTC during tidal breathing was used according  

to ATS guidelines for ILF assessments at 1, 6 and 12 months 
of age6 and the average of five acceptable V’maxFRC values  
was   recorded.   Percent   predicted values were calculated 
following adjustment for maternal smoking during 
pregnancy, gender, length and weight.22 
From 6 to 24 years, a portable spirometer (Pneumocheck 
Spirometer 6100; Welch-Allyn, Skaneateles Falls, NY, USA) 
was used according to ATS guidelines to record and calculate 
forced expiratory volume in 1 s (FEV1), forced vital capacity 
(FVC), FEV1//FVC and FEF25–75%.23,24 Global lung 
Initiative reference ranges were used to calculate percent of 
predicted based on sex, age, height and ethnicity.25 

 

 
 

Statistical analysis 
Comparisons between subjects who were and were not 
assessed at 24 years were made using independent t- test and 
Pearson’s chi-square test for continuous and categorical 
variables, respectively. 
V’maxFRC   was   adjusted   for   maternal smoking(yes =1, 
no=0), height, weight and gender (male =1, female =0), 
as per the validated formula described below and is 
reported as percent predicted.22 
 

V0maxFRC = ( − 63.18 – (14.17 × gender) 
+ (1.62 × age in weeks) + (3.9596 × length 

(cm)) 

− (10.39 × weight (kg)) 

− (14.24 × maternal smoking in pregnancy) 

× 100 
A general linear model was used to assess the difference in 
continuous lung function variables between categorical 
outcomes, both with and without adjustment for subject’s 
current smoking status. Estimated marginal means are 
reported and differences analysed by independent t-test. 
The OR for current asthma based on V’maxFRC quartiles 
was calculated by logistic regression. 
Internal z-scores of lung function variables were employed 
for longitudinal comparisons. A general estimating equation 
was applied to assess whether subjects with asthma at 24 
years had persistently lower lung function  throughout  the  
study  period  (V’maxFRC  at 1, 6, 12 months and FEF25–75% 
from 6 to 24 years) using both z-scores and % predicted. 
This method adjusts for the inherent covariance in each 
subject, thus assessing the population average of the two 
groups for repeated measures.26 The Wald statistic is 
reported. 

To assess lung function tracking, adjusted 
V’maxFRC at 1 month was divided into quartiles and one-
way analysis of variance (ANOVA) assessed differences in z- 
scores for FEV1, FEF25–75% and FEV1/FVC between all 
groups. 

Two-sided P-value <0.05 determined statistical 
significance. Analyses were performed using SPSS Statistics 
for Windows, version 20.0. (2011, IBM Corp., Armonk, NY, 
USA).
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RESULTS 
Assessment at 24 years 
Of the original 253 subjects, 241 had ILF testing at 1 
month  of  age  with  a  mean  V’maxFRC  of  100.5% 
predicted (SD = 48.5), of whom 2% had a V’maxFRC 
< −1.645 z-scores and 5% had >1.645 z-scores 
above the mean. Of the 150 subjects (59%) assessed 
at 24 years of age (mean = 24.2 years, SD = 1.4 
years), 142 also performed ILF at 1 month of age. 
See Table 6.1 for characteristics of the original 
cohort and those seen at 24 years. Mean birth 
weight was 3.4 kg (SD = 0.48). There was 
significantly less maternal in utero smoking and 
more breastfeeding in the group seen at 24 years. 
At 24 years of age, 16% (n = 24) had current asthma 
with symptoms in the previous 12 months  

  
and 28% (n = 42) had a history of asthma ever. 
Of those with asthma, 80% had symptoms before  
6 years  of  age (n = 19). Recent wheeze was 
reported by 38% (n = 57) at 24 years. 

  
  

ILF and asthma 
Reduced lung function soon after birth was 
associated with asthma at 24 years of  age.  Mean 
V’maxFRC at 1 month for those with current 
asthma at 24 years was 68.7% predicted (95% CI: 
47.7–89.7%) compared with 109.9% predicted 
(95% CI: 100.6–119%) for those with- out current 
asthma (P = 0.001) (Fig. 1). This remained 
significant when adjusted for the smoking status 
of the subjects. There were no significant gender 
differences. A  V’maxFRC  of  >100%  predicted  
was  attained  by  53% of those who did not have 
asthma at 24 years, but only 13% of those with 
current asthma. 

Conversely, reduced ILF was predictive 
of asthma at 24 years. Of those with a V’maxFRC 
in the lowest quar- tile (<66.3% predicted) at 1 
month of age, 38% had cur- rent asthma at 24 
years of age with an increased OR of 5.1 (95% CI: 
2-13.2,p=0.001), which remained significant when 
adjusted for subjects’ current smoking

   status (OR = 4.3, P=0.001). 
Recent wheeze at 24 years was not 

associated with a difference in V’maxFRC at 1 
month, when adjusted for the smoking status of 
the subjects (95% vs 107% pre- dicted; 95% CI: 
79–111% and 92–103%, respectively; P = 
0.23). 

Bold font indicates P < 0.05. 
†Either parent with physician-diagnosed asthma. 
‡Exclusive breastfeeding for the first 3 months. 
V’maxFRC, maximum expiratory flow at functional 
residual capacity. 

Asthma remission at 24 years 
Among those who were ever diagnosed with 
asthma, ILF at 1 month was higher in the group 
with resolved asthma compared with those with 
current symptoms at 24 years:  mean V’maxFRC  
of  105%  versus  69%  predicted   (95%   CI:   88–
123%   and   53–84%, respectively; P  =  0.003)   
(Fig.   6.1)   and   remained   highly significant when 
adjusted for the smoking status of the subjects (98% 
vs 65%, P=0.009).
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Table 6.1 Characteristics of subjects assessed and not 
assessed at 24 years of age 

Assessed Not assessed 
at 24 at 24 

(n = 150) (n = 103) P-value 

Gender (males) 53% 58% 0.44 
In utero smoke 23% 44% <0.001 

exposure (maternal)    
Parental asthma† 30% 32% 0.74 
VmaxFRC at 1 month 103% 97% 0.3 

(% predicted)    
asthma-ever at 6 years 33% 46% 0.16 
Birth weight 3.45 3.34 0.06 
Breastfed‡ 54% 36% 0.021 
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Asthma and longitudinal lung function  

Longitudinally,   subjects   with   current    asthma    
at    24 years of age had persistently lower lung 
function throughout childhood, from infancy to 
24 years with a mean reduction  of  16.2%  
predicted,  using  V’maxFRC up to 12 months and 
FEF25–75% from 6 years (95% CI: 8.1–24.3%, 
Wald = 15.5, P < 0.0001), although the difference 
did not reach statistical significance at each cross-
sectional time point (Fig. 6.2). 

 
Asthma and current lung function 
The presence or absence of current asthma at 24 
years was associated with a significant difference in 
FEV1/ FVC: mean 0.785 versus 0.827, respectively 
(P = 0.009). About 30% of females (n = 3) and 55% 
of males with asthma (n = 5) were in the abnormal 
range for FEV1/ FVC compared with 7.5% of 
females and 12% of males who did not have 
asthma.27 There was no difference between  FEV1  
(92%  vs  100%;  95%  CI:  82–102% and 94–105%;  
P = 0.16),  FEF25–75%  (84%  vs  96%;  95% CI: 73–
96% and 89–102%; P = 0.061) or FVC (98% vs 101%; 
95% CI: 89–108% and 99–106%; P = 0.59) in 
subjects with and without current asthma at 24 
years. All analyses were adjusted for subjects’ 
current smoking status. 

  

DISCUSSION 
As hypothesized, ILF at 1 month of age was a 
strong predictor of asthma in young adults; 
however, the dif- ference of more than 40% was 
greater than expected. Previous studies have 
shown an association between ILF and asthma in 
childhood.10,11 However, the relation- ship in 
adults has not been clear. In the PIAF 18-year 
assessments, reduced ILF was associated with 
persistent wheeze and a history of asthma, but not 
persistent asthma at 18 years. However, the group 
with asthma were subdivided into three categories 
– remittent, later- onset and persistent – therefore 
may have been limited by the numbers in each 
subgroup.8,15 We  did not find  an association 
between ILF and current wheeze, consistent with 
the Tucson Study at 22 years.9 Occasional 

episodes of wheeze can occur with a lower 
respiratory tract infection and do not  

necessarily indicate chronic lower airway 
inflammation and disease. Twice as many of our 
group reported current wheeze as current asthma at 
24 years. The difference in their link to ILF suggests 
that subjects with more significant asthma 
symptoms had a defect in lung development or 
growth in utero or very early in life that persisted as 
a reduction in lung function into adulthood. 

ILF also differentiated subjects whose asthma 
symptoms would resolve by adulthood. 
Approximately 30% of subjects with asthma in 
childhood had a remission of their symptoms by 24 
years, which is similar to other studies, although 
future relapse is still possible.5,28 Sub- jects with a 
resolution of their asthma by 24 years had similar  
V’maxFRC in  infancy compared with  those  who 
never had asthma, in contrast to the group with 
ongoing symptoms, of whom only 13% had a 
V’maxFRC > 100% predicted at 1 month. V’maxFRC 
has a notoriously high variability particularly in 
neonates which may somewhat explain our outliers; 
however, we still found significant associations  
with  asthma  when  using  V’maxFRC  quartiles.29 
These results suggest that ILF testing has potential 
as a marker for asthma persistence into adulthood. 

Longitudinally, lung function (flow) was on 
average 16% predicted lower throughout childhood 
and into adulthood for subjects with asthma at 24 
years. This is slightly higher than the 7% reduction 
seen in subjects with a prior history of asthma at 
the 18-year assessments, but the Dunedin Study 
showed lower lung function in subjects with 
persistent versus resolved wheeze by 26 years.8,16 
Indeed, the reduction in lung function seen in 
adults with asthma may have its origin in the 
antenatal developing lung, as the deficit does not 
increase with time, and showed a slower rate of 
decline compared with non-asthmatic patients in 
the Melbourne Asthma Study.5 We chose FEF25–
75% as it correlates most closely with V’maxFRC 
V’maxFRC.15 The Global Lung Initiative values 
were used as these are most appropriate for 
longitudinal studies in this age group and z- scores 
allowed for longitudinal comparisons.30 

We also found a small but statistically  
significant reduction in FEV1/FVC ratio in 

P = 0.001 P = 0.05 P = 0.8 P = 0.2 P = 0.02 P = 0.4 P = 0.06 
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Figure 6.2 Mean lung function 
from 1 month to 24 years in 
subjects with (---) and without (…) 
current asthma at 24 years. Internal 
z-scores were used to allow 
comparison with different methods 
and across time. Mean V’maxFRC 
was used at 1, 6 and 12 months and 
FEF25-75% from 6 to 24 years. 
Error bars represent 95% 
confidence intervals. 



80  
 

80 

 
subjects with asthma at 24 years compared with 
non-asthmatic subjects.  
Neither FEV1 nor FVC on their own was 
significantly different, suggesting that the 
obstructive element is important in differentiating 
asthmatic patients, rather than the absolute size of 
the airways or lungs. Recent interest has focused 
on the early origins of COPD, examining factors 
other than smoking in its pathogenesis.18 
Childhood asthma has been proposed as a risk 
factor, possibly linked to the reduction in lung 
function as has been assessed in school-aged 
children.5 However, the concept that COPD may 
have origins in antenatal lung development requires 
respiratory birth cohorts to be assessed for risk 
factors including respiratory function from birth 
and for follow-up over many decades. 

This study has some minor limitations. First, 59% 
of the original cohort was seen at 24 years. Loss to 
follow- up is a common limitation of longitudinal 
studies over several decades with a risk of bias due 
to differential loss of subjects. However, in our 
comparative analysis, sub- jects seen at 24 years did 
not have significantly different ILF from those who 
were not seen. There was significantly less in utero 
smoke exposure and more breast- feeding, which is 
known to affect ILF, although the smoke exposure 
effect appears to ameliorate with age.8 
Our use of the RTC technique during tidal breathing 
for ILF testing was the gold standard in the 1980s 
when our cohort included infants. This has now 
been superseded by the use of raised-volume RTC 
technique, which better mimics the forced 
expiratory flow man- oeuvres of spirometry. The 
tidal breathing method is less sensitive at detecting 
differences between groups due to less 
reproducibility in measurements.7 However, this 
supports the validity of our findings, given we have 
identified associations using a slightly less sensitive 
method. 

Very few longitudinal studies have included ILF in 
their assessments as it is time-consuming and the 
clinical implications are not known, and even fewer 
studies have continued following their cohort 
through into adulthood. Yet, we have demonstrated 
its importance as we have shown that abnormal 
lung function is present shortly after birth in 
subjects who have persistent asthma later on in life. 
These findings suggest that persistent asthma is 
related to an abnormal in utero or early lung growth 
pathology, which has implications for further 
understanding the pathogenesis and prognosis of 
the disease and that targeting this very early lung 
development may be necessary if we wish to 
manipulate respiratory outcomes in young adults. 
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Supplementary Information: Unpublished 
 
 
 
Supplementary Figure S6.1.  FEF25-75% by asthma status at 24 years 
 

 
 
FEF25-75% predicted using GLI reference data. Blue – never had a diagnosis of asthma. 
Green- had a previous physician diagnosis of asthma but no symptoms in the previous 
12 months. Yellow – physician diagnosis of asthma with asthma symptoms or 
medications in the past 12 months. 
 
 
This supplementary figure suggests that those with current asthma at 24 years have 
persistently lower lung function throughout childhood when compared with those with 
asthma which was in remission by early adulthood and those who never had a diagnosis 
of asthma. These findings are in contrast to the Oslo Environment and Childhood asthma 
study, in which lung function trajectories were similar up to 16 years of age in those with 
current asthma and asthma in remission. 1 
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Chapter 7: 

Early sensitisation is associated with 

reduced lung function from birth into 

adulthood 
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Preamble 
 

Another finding from the first paper of this thesis was that early atopy, as 

evidenced by allergen sensitisation in the first year of life, was associated with 

lower lung function longitudinally from 6 to 24 years of age. This next paper was 

published in the Journal of Allergy and Clinical Immunology, the highest-

ranking allergy journal worldwide, as a Letter to the Editor. In this paper, I 

looked at the relationship between early sensitisation and lung function in greater 

detail at each assessment from infancy to 24 years of age. 

 

Although atopy does not have a significant relationship with lung function, 

several studies have shown that early atopy is a precursor to several respiratory 

conditions including asthma, wheeze and reduced lung function during 

childhood. The hypothesis was that abnormal immune development during 

infancy is linked to abnormal respiratory development and this association would 

still be evident during early adulthood. 

 

Dr Louisa Owens is the primary author of this paper and performed all the 

relevant tests for the 24 year assessments, collated and analysed the data and 

wrote the manuscript. Professor Le Souëf was one of the original investigators 

involved in the design and set up of the PIAF cohort study. All co-authors 

contributed to amendments of the manuscript and advised on data interpretation.  
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Early sensitization is 
associated with reduced 
lung function from birth 
into adulthood 

To the Editor: 
Early sensitization, which develops within 

the first few years of life, is associated with 
altered functional and clinical respiratory 
outcomes in childhood and adolescence.1-3 
Our group has recently shown that these 
infants have a lung function deficit from just 
1 month of age.3 Early sensitization is also a 
risk factor for persistent wheeze during 
childhood.1,4 However, its influence on lung 
function and symptoms through to 
adulthood has not been assessed. 

Using a longitudinal respiratory and 
immunologic birth cohort, we assessed the 
influence of early sensitization on lung 
function and respiratory outcomes from 
infancy through to early adult- hood. Our 
hypothesis was that the reduction in lung 
function seen in this group at an early age 
would continue through to adulthood and be 
associated with persistent wheeze. 

Our cohort, the Perth Infant Asthma 
follow-up cohort, was recruited antenatally 
from an urban Australian maternity hospital 
between 1987 and 1990, as previously 
described, with no preselection for family 
history of asthma or atopy.5 Assessments in 
infancy at 1, 6, and 12  months  of  age  
included  infant lung function testing using 
the rapid thoracoabdominal compression 
technique; airway responsiveness testing 
with a histamine challenge; skin prick 
testing to rye grass pollen,  cow’s milk, egg 
white, Dermatophagoides pteronyssinus, 
and Dermatophagoides farinae; and a 
respiratory/allergy questionnaire. At 6, 11, 
18, and 24 years of age, assessments 
included spirometry; airway responsiveness 
testing with a histamine challenge; skin 
prick testing as in infancy, with the addition 
of mixed grass, cat pellet, dog dander, 
cockroach, Alternaria tenuis and Aspergillus 
fumigatus; and a respiratory/allergy 
questionnaire. Further details of the 
methods used in this study can be found in 
the Methods section in this article’s Online 
Repository at www.jacionline.org. 

Infant lung function measurement (ie, 
maximal expiratory flow at functional 
residual capacity [V’maxFRC]), was adjusted 
for weight, height, sex, and maternal in 
utero smoking and is reported as percent 
predicted.5 Asthma diagnosis was based on 
a physician’s diagnosis only. For the skin 
prick tests, the mean of a wheal’s largest 
diameter and its perpendicular were 
measured at 15 minutes. Atopy was defined 
as a positive skin prick test response with at 
least 1 wheal >_3 mm larger than that 
elicited by the negative control. Early 
sensitization was defined as at least 1 

 positive skin prick test response by 12 months of 
age.    Numbers at each follow-up were 247 at 1 
month, 196 at 6 months, 171 at 12 months, 123 at 6 
years, 194 at 11 years, 142 at 18 years, and 111 at 24 
years. The comparison between those seen and not 
seen at each assessment can be seen in Table E7.1 in 
this article’s Online Repository at www.jacionline.org. 
Early sensitization (19% of the infants) was 
longitudinally associated with a persistent reduction in 
lung function from1 month to 24 years of age when 
adjusted for in utero smoke exposure (Wald 9.3, P 
=.002). The reduction was statistically significant for 
V’maxFRC at 1 month, FEV1/forced vital capacity (FVC) 
ratio at 24 years, and both forced expiratory flow at 
25% to 75% of forced vital capacity (FEF25-75) and FEV1 at 6 
and 24 years of age in cross-sectional analyses (Fig 
7.1).  

 
The difference in lung function between the early 
sensitization and no early sensitization groups did not 
change significantly from 1 month (V’maxFRC) to 24 
years of age (FEF25-75; 0.4 vs 0.671 internal z scores, P 
=.64). Eczema was present in 46% of infants with early 
sensitization compared with 21% of those without early 
sensitization, with an increased odds ratio of 3.1 (P = 
.018). Airway responsiveness was not associated with 
early sensitization at any assessment. However, when 
we adjusted for the effect of airway responsive- ness 
on lung function, early sensitization was only 
associated with FEF25-75 at age 24 years (B = 12.9; 95% 
CI, 1.3-24.6; P = .03). 

Current atopy (a positive skin prick test response at 
the concurrent assessment) did not correlate with lung 
function at any age. There was no association between 
either parental atopy determined based on a positive 
skin prick test response (V’maxFRC, 113.2% vs 112.9%; 
P = .98), maternal IgE levels (R=  -0.008, P = .93) or 
infant cord IgE levels (R = -0.04,      P = .61) and infant 
lung function. Early sensitization was associated with a 
3-fold increased odds of having a history of physician-
diagnosed asthma at age 6 years. This association was 
not seen at later years. However, there was an 
association between early sensitization and increased 
risk of wheeze in the previous 12 months at 18 and 24 
years of age. Current atopy had an increased odds of a 
history of asthma at each assessment. Early 
sensitization increased the odds of current atopy at 6 
years of age only (Table 7.I).  

A recent article from our cohort found early 
sensitization was associated with reduced lung 
function from infancy to adolescence, and we have now 
shown that this effect extends into adulthood.3 The 
deficit was consistently maintained throughout 
childhood, with no significant change over time. This 
suggests there is an antenatal difference in lung 
physiology in those with sensitization early in life 
compared with those who have it later or not at all, but 
this defect is fixed and does not progress with time. 
Sensitization, which develops before 3 years of age, is 
also associated with more persistent wheeze in children 
than if it develops later, and our study extends this 
association into adulthood.1,4 

FEF25-75 best correlates with infant V’maxFRC 
values because they are both measuring flow at low 
lung volumes.6 However FEV1 is the most commonly 
reported lung function variable reported in patients 
with asthma and chronic obstructive pulmonary 
disease.  
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We showed that early sensitization is 
associated with lower FEV1, FEV1/FVC ratio, 
and FEF25-75 values at 24 years of age. 
Given that the diagnosis and severity coding 
for chronic obstructive pulmonary disease 
are based on FEV1 and FEV1/FVC ratio, 
factors associated with a reduction might be 
considered potential targets for disease 
prevention or treatment.7  

Infant lung function testing was 
performed by using the tidal breathing rapid 

thoracoabdominal compression technique 
because the raised volume technique was 
not developed until 1995.8 The newer 
method detects significant differences in 
V’maxFRC values easier than the old tidal 
method; however, this potentially makes 
our findings even more clinically relevant. 
Skin prick test responses in infants can be 
difficult to interpret because of smaller 
wheal reactions however, we kept the same

 

A.        B.  

 

C.                                                    D.  

 
FIG 7.1. Lung function variables and early sensitization at each assessment from infancy to early adulthood. A, FEV1 percent 
predicted. B, FEV1/FVC ratio. C, FVC percent predicted. D, V’maxFRC percent predicted at 1 to 12 months and FEF25-75 at 6 to 
24 years of age. All analyses were adjusted for in utero smoke exposure and asthma. Current smoking was adjusted for at 18 
and 24 years. Error bars represent 95% CIs of the mean 

TABLE 7.I. Early sensitization, atopy, and respiratory outcomes at each assessment 
                       6 years                       11 years                          18 years                        24 years 

    

 OR (95% CI)     P value OR (95% CI)      P value OR (95% CI)     P value OR (95% CI) P value 

 

Early sensitization and asthma 3.3 (1.3-8.5) .012 1.3 (0.5-3.4) .54 2.3 (0.9-6) .097 2.3 (0.9-5.9) .78 

Early sensitization and wheeze 3.1 (0.96-9.9) .06 1.4 (0.5-4.2) .54 2.8 (1.05-7.4)* .039 5.2 (1.8-15.1)* .002 

Current atopy and asthma 2.4 (1.1-5.4) .033 2 (0.98-3.9) .054 3.2 (1.4-7.2) .005 3.4 (1.09-11) .039 

Early sensitization and current atopy 3.8 (1.3-11.5) .017 1.9 (0.8-4.4) .14 1.34 (0.53-5.4) .9 2.0 (0.6-6.6) .3 

 
Values in boldface indicate statistical significance.   OR, Odds ratio. *Adjusted for current smoking. 
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cut-off of 3 mm in infants to reduce the 
likelihood of false- positive results. 
Unfortunately, we do not have serum IgE 
levels or allergen exposure data from 
infancy, which might have given us 
further information regarding the link 
between sensitization and lung 
function.9  
These study findings extend those in 
previous studies and show that 
development of atopy very early in life is 
associated with measurable differences 
in lung function and respiratory 
morbidity from infancy, which persist 
into adulthood. The early onset of atopy 
and a lung function reduction suggest an 
antenatal trigger or cause. Further 
investigation into the possible causal 
links between these 2 might provide a 
target to prevent early sensitization and 
the associated persistent lung function 
deficit that begins in infancy. 
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Supplementary Material 
METHODS 
Subjects 

Our cohort, the Perth Infant Asthma follow-up cohort, 
was recruited antenatally from an urban Australian 
maternity hospital between June 1987 and November 
1990, as previously described.E1 Subjects were not 
selected based on family history of asthma or atopy. Those 
born at less than 37 weeks’ gestation or who had 
respiratory symptoms before their first assessment at 1 
month of age were excluded. All assessments were 
approved by the Human Ethics Committee of Princess 
Margaret Hospital for children. Parental consent was 
obtained for each assessment up to 11 years, and subjects 
themselves consented for the 18- and 24-year 
assessments. 

 

Assessments 
Parents completed a questionnaire antenatally detailing 

their history of asthma, atopy, and smoking. Both had a 
skin prick test at enrollment, and a maternal serum IgE 
sample was taken. Infants were assessed at 1, 6, and 12 
months of age with infant lung function, airway 
responsiveness, and skin prick testing, as well as a parental 
questionnaire. At 6, 11, 18, and 24 years of age, subjects 
completed spirometry, airway responsiveness, and skin 
prick testing, as well as a respiratory questionnaire. 

 

Infant lung function testing 
The rapid thoracoabdominal compression technique 

during tidal breathing was used to determine V’maxFRC 
while the infants were sedated with chloral hydrate.E2 The 
average of 5 acceptable values was recorded. Reported 
V’maxFRC values are adjusted for maternal smoking 
during pregnancy, sex, length, and weight, according to a 
previously described formula.E3 

Airway responsiveness was assessed by using doubling 
concentrations of nebulized histamine from 0.125 to 8 
mg/mL. Testing was discontinued once V’maxFRC 
values had decreased by 40% or the maximum dose had 
been administered.E4 

 

Spirometry and histamine challenge 
Spirometry was assessed with a portable spirometer 

(Pneumocheck Spirometer 6100; Welch-Allyn, 
Skaneateles Falls, NY).E5 FEV1, FVC, and FEF25-75 values 
are reported as percent predicted of the reference standard 
adjusted for age, sex, and height.E6 Bronchodilator was not 
given before testing. 

Airway responsiveness was assessed by using a 
histamine challenge with handheld glass dosimeters and 
the Yan technique.E7 Increasing histamine concentrations 
were inhaled until there was a decrease in FEV1 of 20% or 
the maximum cumulative dose of 7.8 mmol was reached. 
The dose-response slope was calculated as the percentage 
decrease in FEV1 divided by the cumulative histamine 
dose.E8 

 
 
 

 
Skin prick tests 

Skin prick tests for the parents and infants at 1, 6, and 
12 months of age included 5 allergens: rye grass pollen, cow’s 
milk, egg white, D pteronyssinus, and D farinae.E9,E10 From 6 
years of age, skin prick tests also included mixed grass, cat 
pellet, dog dander, cockroach, A tenuis, and A fumigatus. 
Positive and negative controls of histamine and saline were 
used. The mean of 2 perpendicular diameter measurements 
of  the  wheal  was  recorded  at  15 minutes. A positive result 
was a wheal of 3 mm or more larger than that elicited by the 
negative control. 

 

 
Statistical analysis 

Recorded V’maxFRC values at 1, 6, and 12 months of 
age were adjusted by using a previously validated 
formula,E3 as follows: 

V0maxFRC=(-63.18[14.17x sex]+ [ 1.62xage in weeks]+ 
[3.9596xlength in centimeters]-[10.39xweight in 
kilograms] 

-[14.24xmaternal smoking in pregnancy]x100). 

where male sex is scored as 1 and female sex is scored as 0. 
Maternal smoking during pregnancy was scored as 1, and 
no maternal smoking was scored as 0. 

Spirometric lung function parameters were expressed as 
percent predicted based on height, age, and sex.E6 
V’maxFRC and FEF25-75 variables were also converted to 
internal z scores to allow for comparison over time. The 
generalized estimating equation was used to assess whether 
early sensitization was associated with a persistent 
reduction in lung function across time after adjusting for 
inherent covariance in each proband. 

The relationship between early sensitization, current 
atopy or parental atopy, and continuous lung function 
variables was analyzed by using the general linear model 
and adjusted for in utero smoke exposure at all 
assessments, asthma from 6 to 24 years of age, and current 
smoking at 18 and 24 years of age. In utero smoke exposure 
had 3 categories: none, smoked during part of pregnancy, 
or smoked throughout pregnancy. Asthma was not adjusted 
for in infancy because it is generally not diagnosed in this 
age group. Estimated marginal means (adjusted) are 
reported. Significant differences in these adjusted means 
were then analyzed by using an independent-samples  t test. 

Cord IgE and maternal total IgE levels were 
logarithmically transformed to approach a normal 
distribution. The correlation between these and infant 
V’maxFRC value was analyzed by using the Pearson 
correlation coefficient. The odds for those with early 
sensitization or atopy having a history of asthma or 
eczema was assessed by using binary logistic regression, 
and odds ratios are reported. Asthma diagnosis was based 
on reported physician’s diagnosis only. 
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The odds for those with early sensitization of having 
recent wheeze were also assessed with binary logistic 
regression and adjusted for smoking at 18 and 24 years of 
age. Recent wheeze was recorded only if there were 
symptoms in the previous 12 months before each 
assessment. The odds for those with early sensitization of 
having current atopy based on a positive skin prick test 
response at each of the follow-up assessments from 6 to 24 
years was analyzed with binary logistic regression.  

Each dose-response slope on the histamine challenge 
was logarithmically transformed to approach a normal 
distribution, and geometric means are reported. 

Early sensitization was defined as at least 1 positive skin 
prick test response by 12 months of age. Only those who 
had tests on all 3 occasions (1, 6, and 12 months) or who 
had positive results were included in the analysis. 

The standard cut-off P value of .05 was used to assess 
statistical significance. Statistical analyses were 
performed with IBM SPSS Statistics for Windows 
software, version 20.0 (released 2011; IBM, Armonk, 
NY). 
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TABLE E7.1. Characteristics of the cohort at recruitment and those followed up at each assessment 
 

 Birth cohort 
(n = 253) 

6 y (n = 113) 11 y (n = 180) 18 y (n = 142) 24 y (n =111) 

      

Male sex 56% 55% 56% 58% 57% 
Birth weight (kg), mean 
(SD) 

3.4 (0.48) 3.41 (0.46) 3.42 (0.5) 3.45 (0.47) 3.4 (0.49) 

Parental asthma 31% 28% 30% 29% 29% 
V’maxFRC (% predicted) at 
1 mo, mean (SD) 

99 (49.6) 99.8 (51) 97.4 (42) 106* (54.9) 105.5 (54.4) 

      
In utero smoke exposure 32% 27% 28% 25%* 25%* 
Early sensitization 19% 19.5% 21% 19.5% 25%* 
Values in boldface indicate 
statistical significance. 
*P < .05. 
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Supplementary material: Unpublished 

 
Early sensitisation was associated with increased risk of atopic dermatitis at 12 months of age 
(OR 3.7, 95% CI 1.4 -9.6; p=0.008) and at 11 years (OR 3.05, 95%CI 1.1 – 8.4; p=0.029) 
but not at 6 years of age (OR 1.6, 95% CI 0.46 – 5.7; p=0.47) nor 18 years (OR  0.6, 95%CI 
0.07 – 5.3; p=0.65) nor 24 years (OR  1.4, 95%CI 0.4-4.9; p=0.6).  However numbers with 
eczema were small at each assessment (n=35 at 1 year; n=21 at 6 years; n= 26 at 11 years; 
n=12 at 18 years and n=19 at 24 years), which may limit the ability to demonstrate significant 
associations. 
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Chapter 8: 

Glutathione s-transferase genotype 

protects against in utero tobacco 

exposure linked lung function deficits 
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Preamble 
While many factors may influence lung development, tobacco exposure has the 

largest body of evidence to back up its reputation as a pulmonary toxin. The 

harmful effects of tobacco exposure are particularly concerning when discussing 

infants and children who often have no say on the quality of air in their 

environment and yet are vulnerable to life-long respiratory impairment if their lung 

development is sub-optimal.  

 

In utero tobacco smoke exposure is known to impair lung function in infants. 

Indeed the PIAF study was one of the first to show that in utero smoke exposure 

was associated with reduced V’maxFRC in infants at just 1 month of age. Another 

crucial finding from the PIAF study was that this negative effect of in utero 

tobacco exposure on fetal lung development could be modified by genes involved 

in the detoxification process. Serum levels of glutathione s-transferase enzymes 

(GST) are linked to genotype and polymorphisms associated with higher enzyme 

levels had a protective effect on the fetal lungs when exposed to tobacco in utero.  

 

In this follow-up study, we expanded on the original study findings and 

investigated the effect of antenatal and postnatal tobacco smoke exposure on lung 

function throughout childhood and into adulthood. We also assessed whether GST 

genotype continued to have a protective influence on the detrimental effects of 

tobacco smoke on lung function into adulthood. This paper has been accepted for 

publication by the American Journal of Respiratory and Critical Care Medicine 

in January 2019. 

Dr Louisa Owens is the primary author of this paper and performed all the relevant 

tests for the 24 year assessments, collated and analysed the data and wrote the 

manuscript. Dr Murdzoska performed the DNA polymerase chain reaction. Dr 

Turner performed the assessments for the 11 year follow up and contributed to 

amendments of the manuscript. Professor Le Souëf was one of the original 

investigators involved in the design and set up of the PIAF cohort study. All co-

authors contributed to amendments of the manuscript and advised on data 

interpretation.  
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At a glance commentary 
In utero tobacco exposure is harmful to the developing lungs and is associated with 
deficits in lung function in infancy and increased respiratory symptoms throughout 
childhood. Glutathione s-transferase (GST) enzymes may protect against some of the 
toxic effects of tobacco. Infants exposed to in utero tobacco with GST-active genotypes, 
have less lung function deficits than those with GST-null genotypes. 
This study demonstrates that the lung function deficits associated with in utero tobacco 
exposure are persistent into early adulthood, particularly measurements reflective of lung 
size. GST-active genotypes protect against some of the harmful effects of in utero smoke 
exposure on lung development, with normal lung function in those with GSTM1-active 
genotype whether exposed to tobacco in utero or not. Anti-oxidant pathways may offer 
therapeutic targets for disease prevention in infants at risk of in utero tobacco exposure 
related lung damage. 
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Abstract 

Rationale 

In utero tobacco exposure is associated with reduced lung function from infancy. Anti-

oxidant enzymes from the glutathione-s-transferase (GST) family may protect against 

these lung function deficits. 

Objectives: 

(1) Assess the long-term effect of in utero smoke exposure on lung function 

into adulthood. 

(2) Assess whether GSTT1 and GSTM1 active genotypes have long-term 

protective effects on lung function. 

Methods: 

In this longitudinal study based on a general population (n=253), lung function was 

measured during infancy and at 6, 11, 18 and 24 years. GSTM1 and GSTT1 genotype was 

analysed in a subgroup (n= 179). Lung function was assessed longitudinally from 6 to 24 

years (n=199). 

Main Results 

Exposure to maternal in utero tobacco was associated with lower FEV1 and FVC 

longitudinally from 6 to 24 years (mean difference – 3.87% predicted, p=0.021; -3.35% 

predicted, p=0.035, respectively). Among those homozygous for the GSTM1 null 

genotype, in utero tobacco exposure was associated with lower FEV1 and FVC compared 

with those with no in utero tobacco exposure (mean difference -6.2% predicted, p=0.01; 

-4.7% predicted, p=0.043 respectively. For those with GSTM1 active genotype, there was 

no difference in lung function whether exposed to maternal in utero tobacco or not. In 
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utero tobacco exposure was associated with deficits in lung function among those with 

both GSTT1 null and GSTT1 active genotypes. 

Conclusions 

Certain GST genotypes may have protective effects against the long-term deficits in lung 

function associated with in utero tobacco exposure. This offers potential preventative 

targets in anti-oxidant pathways for at-risk infants of smoking mothers. 

 

Key Words:  
Respiratory function tests; population genetics; detoxification; gene-environment 
interaction; tobacco smoke pollution 
 

Abbreviations 
FEF 25-75% - forced expiratory flow at 25-75% of forced vital capacity 
FEV1 –forced expiratory volume in 1 second 
FVC – forced vital capacity 
GST – glutathione s-transferase 
ITS – in utero tobacco smoke exposure 
PCR – polymerase chain reaction 
PIAF – Perth infant asthma follow-up study 
V’maxFRC – maximum flow at functional residual capacity 
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Introduction: 

The exposure of children’s lungs to tobacco smoke is of grave concern as lungs are 

particularly vulnerable to insult during development. This exposure can occur while still 

in utero, as nicotine and other toxic substances freely pass through the placenta or 

postnatally in the home environment1.  

Exposure to tobacco smoke antenatally is associated with reduced lung function during 

infancy and childhood2,3. Both ante- and post-natal smoke exposure are linked to an 

increase in respiratory symptoms throughout childhood and adolescence4,5,6.  

We have previously shown that airway function measurements track from infancy into 

early adulthood indicating an inherent airway structure is laid down early in lung 

development, while measurements of adult lung size were independent of infant lung 

function, suggesting lung growth is modifiable by external factors7. 

Gene-environment interactions modulate the effects of in utero tobacco smoke (ITS) 

exposure on respiratory outcomes in childhood8. Fetal anti-oxidants may play a role in 

protecting the developing lungs. Activity levels of glutathione s-transferases (GST), a 

family of enzymes involved in the detoxification of xenobiotics, vary based on genotype, 

with homozygous deletions in the GSTT1 and GSTM1 genes associated with absent 

function of that particular enzyme9,10. Among those exposed to ITS, GST active genotypes 

are linked to higher infant lung function compared with those with the null genotype, as 

previously reported in a community based  cohort 8. GST null genotypes are associated 

with increased risk of childhood asthma compared with those with active genotypes, 

particularly in the context of passive smoke exposure, suggesting an increased 

vulnerability to the detrimental effects of tobacco smoke 11-13.  

We hypothesised that the negative effect of ITS exposure on lung function would persist 

into adulthood but that this effect would be lessened for those with higher levels of innate 
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detoxification enzymes such as those subjects that have active GST genotypes. Our aim 

was to: (1) assess the long-term effects of both ante and post-natal smoke exposure on 

lung function, as a measure of lung development; and (2) assess whether GSTT1 and 

GSTM1 active genotypes are protective against the effects of in utero tobacco smoke on 

lung function through into adulthood. Some of the results of these studies have been 

previously reported in the form of an abstract14,15. 

 

 

Methods and Materials: 

The Perth Infant Asthma Follow study was established in 1987. Over 24 months, 253 

subjects were recruited antenatally from an urban maternity hospital in Perth, Western 

Australia. There was no preselection based on family history of asthma or atopy. 

Recruitment details have been published previously16. Infants were excluded if they were 

born premature (<37 weeks gestation), had any major congenital abnormality or had any 

significant respiratory illnesses in the first month of life. 

Detailed antenatal smoking history during the pregnancy was collected from both parents. 

Fetal in utero tobacco exposure was classified as positive for maternal or paternal 

exposure if that parent smoked at all during the pregnancy. Subjects could be positive for 

both maternal and paternal in utero tobacco exposure, negative for both, or positive for 

just one parent. 

Urinary cotinine, a byproduct of nicotine metabolism, was measured in an arbitrary 

subgroup of infants at birth (n=85). 

Subjects or their parents also completed a questionnaire at each follow-up assessment17. 

This included questions on history of physician-diagnosed asthma and tobacco smoke 
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exposure in the household. “Postnatal smoke exposure only” was classified as a positive 

response to post-natal smoke exposure at either 1, 6 or 11 years of age and no history of 

maternal in utero smoke exposure. “Incomplete postnatal data” was recorded if there was 

less than 2 postnatal assessments.  

The participants performed lung function testing at regular intervals from infancy through 

to young adulthood at 1 month, 6 months, 12 months, 6, 11, 18 and 24 years of age.  

The rapid thoraco-abdominal compression technique during tidal breathing of sedated 

infants was used during infant lung function testing, with V’maxFRC (maximum flow at 

functional residual capacity) reported18. The interaction between in utero tobacco 

exposure and GST genotype on infant lung function in this cohort has been published 

previously8.  

Spirometry was performed at each assessment from 6 to 24 years19. FEV1, FVC, FEF25-

75% and FEV1/FVC were recorded and converted into percent predicted scores based on 

sex, age, height and ethnicity using GLI reference values20. 

GST genotyping analysis was performed on DNA extracted from blood samples taken at 

either the 6 or 11 year assessments. GSTT1 and GSTM1 deletion polymorphisms were 

identified by polymerase chain reaction (PCR) methods as previously described in detail8 

21. A subset of specimens had genotype results confirmed by PCR with a second set of 

primers. CYP1A1 primers were used as a positive control for each PCR performed. Those 

who were homozygous for the GST null genes were classified as GST null and those who 

were either heterozygous or homozygous for non-null GST genotype was classified as 

GST active. 

The study was approved by the Western Australian Child and Adolescent Health Service 

Human Research Ethics Committee (2054EP). Parents of subjects aged <18 years, or 

subjects themselves (aged > 18 years), signed informed consent forms for each 

assessment where appropriate. 
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Statistical analysis: 

Comparisons between the participants seen at each assessment was analysed by Pearson’s 

chi-square for categorical variables and independent t-test for continuous variables. 

Mean difference in cotinine levels between infants whose mothers reported smoking at 

recruitment and infants whose mothers reported not smoking at recruitment were 

measured using the Mann Whitney U test. 

In the longitudinal analyses, the associations between tobacco smoke exposure or GST 

genotype and lung function from 6 to 24 years were assessed by generalised estimating 

equations. These equations adjust for inherent covariance in each subject22.  Mean lung 

function results (% predicted FEV1, FVC, FEF25-75% and FEV1/FVC) from the 6, 11, 18 

and 24 year assessments were the longitudinal outcome variables. Maternal ITS, paternal 

ITS and postnatal tobacco exposure only were all assessed separately and compared with 

no parental smoke exposure.  

In order to assess the effect of GST polymorphisms on lung function in the context of in 

utero tobacco exposure, we then split the group by GST genotype and analysed them 

separately i.e firstly GSTM1 null versus GSTM1 active and then GSTT1 null and GSTT1 

active and applied the generalised estimating equations. Mean longitudinal lung function 

(% predicted) for those exposed and not exposed to maternal ITS were compared in the 

GSTM1 null and GSTM1 active groups and the GSTT1 null and GSTT1 active groups. We 

then added maternal GST genotype to the model as a co-factor to assess for significance. 

Maternal GSTM1 genotype was added to the child GSTM1 models and maternal GSTT1 

genotype was added to the child GSTT1 models. 

Mean difference in lung function at separate time-points associated with GSTM1 

genotype, maternal ITS exposure and infant lung function, were assessed by independent 

student t-test. 
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Associations between GST genotype, ITS exposure and asthma were assessed with 

logistic regression, with odds ratios, 95% confidence intervals and p values reported.  

Two-sided p value <0.05 determined statistical significance. 

This study had a power of 0.813 to reject the null hypothesis of no significant difference 

in FEV1 between GSTT1 null and GSTT1 non-null genotype groups based on 411 

assessments, if the real difference between groups was 5% predicted, with a standard 

deviation of 12% predicted. The Type I error probability associated with this test of this 

null hypothesis is 0.05. Analyses were performed using SPSS Statistics for Windows, 

version 24.0. (2016, Armonk, NY: IBM Corp).  

 

Results: 

General 

Of the original 253 subjects recruited, smoking history during the pregnancy was 

collected from 252 mothers and 240 fathers. Eighty-five subjects (34%) reported 

exposure to maternal smoking during the pregnancy and ninety-four (39%) reported 

exposure to paternal smoking during the pregnancy. A further 47 subjects of the 129 with 

no maternal ITS exposure and at least 2 postnatal assessments, reported exposure to post-

natal tobacco smoke in the home, with 82 subjects reporting no pre or post-natal smoke 

exposure and incomplete post-natal exposure data on the remaining 38 subjects.  

Lung function testing was performed on 110 subjects at 6 years, 183 at 11 years, 141 at 

18 years and 116 subjects at 24 years. Comparison of subject characteristics at each 

assessment have previously been published23. The only significant difference between the 

original cohort and those seen at follow up was less parental ITS exposure in those seen 

at later follow ups (54% ITS exposure in original cohort; 45% of those seen at 18 years; 

43% of those seen at 24 years). There was no significant difference in sex, birthweight, 

parental asthma or infant lung function between the groups seen at each follow-up and 
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those in the original cohort.  GSTT1 and GSTM1 genotyping was completed on 179 

subjects and the frequency of each genotype is presented in table 1. There were 199 

subjects with 550 assessments included in the longitudinal analysis of tobacco smoke 

exposure, and 175 subjects with 501 assessments in the longitudinal analysis of GST 

genotype and smoke exposure. 

 

Cotinine levels and maternal smoke exposure 

Neonatal cotinine levels were significantly higher in infants whose mothers reported 

smoking at recruitment during pregnancy (n=25; mean 75.3ng/ml creatinine, SD 57.7), 

than those whose mothers reported no smoking at recruitment (n=60; mean 9.3ng/ml 

creatinine, SD 30.5), p<0.001. 

 

In utero tobacco smoke exposure and lung function 

Exposure to maternal ITS was associated with significantly lower FEV1 and FVC 

longitudinally from 6 to 24 years of age (mean difference – 3.87% predicted, p=0.021, 

and -3.35% predicted, p=0.035, respectively) Figure 8.1 and supplementary table E8.1. 

Exposure to maternal ITS was not associated with a difference in either % predicted 

FEV1/FVC or FEF25-75%. 

Although mean FEV1 and FVC were lower at each assessment from 6-24 years in those 

exposed to maternal tobacco in utero, this only reached statistical significance in FEV1 at 

6 years (figure 8.2). There was also a significant deficit in FEF25-75% at 6 years in those 

exposed to maternal tobacco in utero. 

Neither exposure to paternal ITS nor postnatal tobacco exposure only were associated 

with significant changes in lung function from 6 to 24 years. Therefore, the effect of GST 

polymorphisms on lung function in the context of ITS exposure was analysed for maternal 

ITS exposure only.  



 
 

102 
 

 

GST polymorphisms and in utero tobacco smoke exposure 

There was no difference in lung function from 6 to 24 years of age between the GST null 

and active genotype groups (supplementary table E8.2).  

Among those with the GSTM1 active genotype, maternal ITS exposure was not associated 

with any significant difference in lung function from 6 to 24 years of age (table 8.2; figure 

8.3). Among those with the GSTM1 null genotype, ITS exposure was associated with a 

lower % predicted FEV1 and FVC compared with those with no ITS exposure (mean 

difference FEV1 -6.2% predicted, p=0.01; mean difference FVC -4.7% predicted, 

p=0.043) (table 8.2; figure 8.3). 

Among those with the GSTT1 active genotype, FEV1 and FVC were lower in those 

exposed to maternal ITS compared with no maternal ITS exposure (mean difference 

FEV1= -4.05% predicted, p=0.034; FVC= -3.7% predicted, p=0.037 respectively). 

Among those with the GSTT1 null genotype, FEV1 and FEF25-75% were lower in those 

exposed to ITS, compared with no ITS (mean difference FEV1 = - 10.29% predicted, 

p=0.021; mean difference FEF25-75% = -15.2% predicted, p=0.008). (table 8.2; figure 8.2). 

It should be noted that only six subjects with exposure to maternal ITS had the GSTT1 

null genotype, four of whom also had the GSTM1 null genotype. 

Adding maternal GSTM1 and GSTT1 genotype to the longitudinal models was not 

statistically significant for any lung function variable. 
 

Lung function change throughout childhood 

In order to track the changes in lung function over time, we used GSTM1 active genotype 

and no maternal ITS exposure as a comparator group and assessed the influence of 

GSTM1 null genotype, maternal ITS exposure and low infant lung function on FEV1 and 

FVC at 6, 11, 18 and 24 years (table 8.3). Neither GSTM1 null genotype nor maternal ITS 

exposure was individually associated with a change in lung function at any assessment. 
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However in combination, GSTM1 null genotype and maternal ITS exposure was 

associated with lower FEV1 at 6 years and lower FVC at 6, 11 and 24 years.  The addition 

of low infant lung function to the analysis, V’maxFRC at 1 month of age below the 

median, was associated with a deficit in FEV1 at 6 years only. 

 

Risk of asthma with in utero tobacco exposure and GST genotype 

Maternal ITS exposure during pregnancy was not associated with an increased risk of 

asthma at any assessment from 6 to 24 years of age, even when categorised by GST 

genotype (supplementary table E8.3). Due to the small numbers in the GSTT1 null 

exposed group, there was no one with asthma in this category, therefore odds ratios were 

not possible.  

 

Birthweight and ITS 

Maternal ITS was associated with significantly lower birthweight (mean (SD) 3.49kg 

(0.47) in non-exposed vs 3.26kg (0.47) in exposed, p<0.001). Neither GSTM1 nor GSTT1 

genotype was associated with birthweight (supplementary table E8.4). 

 

Discussion: 

This longitudinal, birth-cohort study of lung function confirms that maternal ITS 

exposure is associated with lower lung function from infancy to early adulthood and 

establishes an important new finding: the major effect of in utero smoke exposure is on 

measurements reflective of lung size rather than airway diameter or function. This 

conclusion stems from the finding that the long-term deficits in respiratory function were 

specifically in FEV1 and FVC. A previous study from this cohort revealed that variables 
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reflecting airway function, V’maxFRC in infancy and FEF 25-75% and FEV1/FVC 

thereafter, track from infancy into early adulthood7. Together these findings provide 

compelling evidence suggesting that the foundations of airway structure are laid down 

during antenatal development and are relatively resistant to environmental insults. In 

contrast, lung size in childhood, as measured by FEV1 and FVC, had no correlation with 

infant airway function, but did correlate with tobacco smoke exposure, implying that lung 

size (perhaps as a reflection of alveolar number) is vulnerable to external, environmental 

factors.   

A further important finding was evidence suggesting that the presence of active 

glutathione s-transferase enzyme genes provide protection from the damage caused by 

maternal ITS exposure. In particular, the GSTM1 active genotype appears to have this 

protective effect. Maternal ITS was only associated with deficits in lung function up to 

adulthood for those with the GSTM1 null genotype and not for those with the GSTM1 

active genotype. Breton et al have previously demonstrated a link between gene mutations 

at another GSTM locus, GSTM2, and increased susceptibility to negative effects of in 

utero smoke exposure on lung function 24. The GSTT1 active genotype did not appear to 

share this degree of protective effect, as those with this genotype still had significant 

deficits in lung function if exposed to maternal ITS compared with those with no ITS 

exposure. However, the difference between those exposed and not exposed was smaller 

than among the GSTT1 null genotype group suggesting that GSTT1 active may still 

provide a degree of protection, although not enough to fully overcome the damage 

associated with ITS exposure.  

When we broke down the analysis into each individual follow-up, the largest deficit in 

FEV1 for those with maternal ITS and GSTM1 null genotype was at 6 years of age. 

However FVC was reduced at 6, 11 and 24 years of age. The deficit in early adulthood 

may be related to early onset lung function decline, given that FVC at 18 years was not 
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significantly reduced in this group. Those with low lung function during infancy in 

addition to ITS exposure and GSTM1 null genotype did not have a further reduction in 

FVC suggesting that this was not simply a group with persistent low lung function from 

birth. They may have had some post-natal lung development defects.  

Glutathione s-transferase is an enzyme which catalyses the reaction between glutathione 

and electrophilic xenobiotics and reactive oxygen species, making it crucial to the body’s 

detoxification processes25. There are eight classes of cytosolic GST in humans, each with 

several subclasses, which vary in their structure and substrate specificity26. GSTM1 is 

present in human liver and lung, while GSTT1 is present in liver27.  In the foetus, blood 

is received from the mother via the umbilical vein, with the majority of blood passing 

through the foetal liver prior to being distributed around the body from the foetal heart. 

Only a small volume of blood passes through the pulmonary arteries from the heart, due 

to the high pressure in this system, however the nutrient blood supply to the growing 

lungs is received via the systemic bronchial arteries 28. Maternal ITS exposure was 

associated with reduced birthweight, however GST genotype was not, suggesting the 

absence of GSTM1 and GSTT1 does not affect systemic fetal growth. Although nicotine 

is not metabolised by the GST enzymes, many of the other toxic substances within 

cigarettes are metabolised by these enzymes29, 30. Acrolein, present in tobacco smoke and 

metabolised by GST, is detrimental to lung health 27,31 .  Meanwhile, s-nitrosoglutathione 

is produced during detoxification of organic nitrates by GST and has beneficial 

bronchodilatory effects on the lungs 32-34.  Homozygous GSTM1 and GSTT1 null 

polymorphisms have been associated with the development of asthma in childhood, 

thought to be due to an increase in oxidative stress, although they are not related to asthma 

severity35. Adjusting for confounding variables during childhood such as tobacco 

exposure and environmental pollution is difficult and may be the reason why results from 

previous studies on GST genotype and asthma have not been convincing36. GSTM1 and 
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GSTT1 null genotypes have both been found to be strong predictors of COPD in adult 

females37. The GSTM1 null genotype is also associated with reduced lung function growth 

in children, while the GSTT1 null genotype is associated with accelerated lung function 

decline in adult males12,38. However, these studies did not specifically investigate those 

exposed to tobacco smoke in utero, a critical time during lung development and we did 

not find an association between GST genotype and lung function among those not exposed 

to ITS.  

The GSTT1 null genotype is rarer than the GSTM1 null genotype, affecting only 15% of 

the population. The subject numbers with both GSTT1 null genotype and maternal ITS 

exposure, n=6, make definitive statements about this group difficult. However, the length 

of follow up from infancy through into early adulthood in this study is an important 

advantage, as this spans the entire post-natal lung growth phase, to the peak in lung 

function in early adulthood. We analysed GST genotype as active/null similar to the 

majority of studies in this area rather than by gene copy numbers (0,1,2) however this 

may mean we could have missed a subtle gene-dose effect between those who were 

heterozygous and homozygous active. 

During the in utero period of organogenesis, the fetus is exposed to the same levels of 

nicotine and other toxic substances as found in the actively-smoking mother, as these 

toxic substances pass freely through the placenta. Cotinine, a by-product of nicotine 

metabolism, can be measured in umbilical cord blood of newborn infants whose mothers 

smoked during pregnancy1. Although the tobacco is not inhaled into the lungs of the fetus, 

the serum exposure to these toxins is associated with reduced lung function when 

measured in the first few days of life, even before any post-natal tobacco smoke 

expsoure39. Given the negative associations between tobacco exposure while pregnant 

and infant outcomes, pregnant mothers may be reluctant to admit smoking to study 

researchers.  However, we collected objective evidence of tobacco exposure, with 
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neonatal urinary cotinine levels, which confirm the general reliability of the parent 

reported smoking data.  

Our cohort numbers are not big enough to definitively separate pre and post-natal smoke 

exposure, given the strong relationship between the two. However interestingly, there was 

no association between either paternal ITS exposure or postnatal tobacco smoke exposure 

alone, on lung function throughout childhood, suggesting the most significant impact of 

tobacco exposure on lung function is a dose response effect during the in utero 

developmental phase.  

Children with two hits, such as a toxic exposure and a genetic vulnerability, are at risk 

for the largest deficits in lung growth during lung development. The Tucson Children’s 

Respiratory Study have confirmed that reduced lung function in early childhood persists 

at least into the fourth decade of life indicating there is little opportunity for catch-up 

growth40. Our data suggests there is a protective benefit in having higher anti-oxidant 

levels during in utero development and this warrants further exploration. Although 

complete tobacco avoidance during pregnancy is the ideal situation, many mothers 

continue to smoke throughout their pregnancy, for various psychosocial reasons, with 

rates of between 15-40% in Westernised countries41,42. Finding a way to protect the lungs 

during critical periods of development, for example with anti-oxidant supplementation or 

boosting the fetal glutathione pathway, and avoiding long-term detrimental consequences 

could potentially be an important target in minimising chronic respiratory morbidity for 

the children of smoking mothers. 
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Table 8.1. Prevalence of GST genotypes (n=179) 
  N 
 GSTM1 – 

GSTM1 + 
105 (59%) 
74 (41%) 

 GSTT1 – 
GSTT1 + 

27 (15%) 
152 (85%) 

 GSTM1 -  and GSTT1- 11 (6%) 

–  homozygous null genotype;  

+  heterozygous or homozygous active genotype.  
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Table 8.2. Association between maternal in utero tobacco exposure and lung 
function from 6-24 years, grouped by GST genotype.  
 

  % pred FEV1  
(95% CI) 

% pred FVC  
(95% CI) 

% 
pred FEF 25-75 

% pred 
FEV1/FVC  
(95% CI) 

GSTM1 null 
 

No ITS 
(n=66) 

102.88 
(100.02 -105.73) 

101.77 
(99.04 – 104.5) 

97.88 
(93 – 102.75) 

100.22 
(98.8 – 101.6) 

Maternal ITS 
(n=35) 

96.7 
(92.92 – 100.49) 

p=0.01 

97.06 
(93.4 – 100.72) 

p=0.043 

90.36 
(83.85 – 96.89) 

p=0.07 

98.88 
(97.0 – 100.8) 

p=0.27 
 

GSTM1 
active 
 

No ITS 
(n=52) 

102.56 
(99.51 -105.61) 

102.83 
(99.82 – 105.84) 

95.38 
(90.06 – 100.69) 

98.78 
(96.87 – 100.69) 

 Maternal ITS 
(n=22) 

100.5 
(96.63 – 104.37) 

p=0.41 
 

100.05 
(96.68 – 103.43) 

p=0.229 

92.54 
(85.18 – 99.89) 

p=0.54 

99.78 
(97.48 -102.1) 

p=0.51 

GSTT1 null 
 

No ITS  
(n=21) 

102.26 
(98.64 – 105.88) 

100.44 
 (95.96 – 104.92) 

100.84 
(94.73 – 106.96) 

100.74 
(98.19 – 103.29) 

 Maternal ITS 
(n=6) 

91.94 
(83.98 – 99.9) 

p=0.021 
 

91.74 
(80.78 – 102.7) 

p=0.15 

85.63 
(76.2 – 95.08) 

p=0.008 

99.8 
(95.51– 104.09) 

p=0.71 
 

GSTT1 
active 
 

No ITS 
(n=97) 

102.85 
(100.43 – 105.3) 

102.6 
(100.34 – 104.86) 

95.96 
(91.8 – 100.12)  

99.37 
(98.08 – 100.65) 

 Maternal ITS 
(n=51) 

98.8 
(95.94 – 101.67) 

p=0.034 
 

98.9 
(96.32 – 101.4) 

p=0.031 

91.75 
(86.49 -  97.01)  

p=0.22 

99.19 
(97.63 – 100.75) 

p=0.86 

Mean difference in % predicted lung function for those exposed to maternal in utero 
tobacco smoke, compared with not exposed to maternal in utero tobacco smoke, by 
GST genotype. Number of subjects=175; number of assessments = 501. Bold font 
indicates p<0.05 
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Table 8.3. Factors associated with a mean difference in lung function at each 
assessment 

a. Mean difference in FEV1% predicted 

 FEV1% pred  
(95% CI) 
6 years 

FEV1% pred  
(95% CI) 
11 years 

FEV1% pred  
(95% CI) 
18 years 

FEV1% pred 
(95% CI) 
24 years 

Comparator group 
No ITS,  
GSTM1+ 

n=30 
N/A 

n=47 
N/A 

n=41 
N/A 

n=30 
N/A 

     
No ITS,  
GSTM1- 

+0.2.33 
(-5.02 – 9.69) 

+1.16 
(-3.15 – 5.48) 

-0.95 
(-6.22 – 4.32) 

-1.35 
(-6.91 – 4.2) 

     
ITS exposure  
GSTM1+ 

+0.11 
(-9.14 - 9.36) 

-0.48 
(-6.8 – 4.44) 

-5.58 
(-13.02 – 1.86) 

-2.02 
(-10.65 – 6.6) 

     
ITS exposure,  
GSTM1- 

-10.99 
(-19.86 - -2.12) 

-3.84 
(-8.83 – 1.16) 

-4.18 
(-10.7 – 2.37) 

-5.93 
(-12.32 – 0.46) 

     
ITS exposure, 
GSTM1- 
Low ILF  

-15.35 
(-26.76 - -3.93) 

0.14 
(-6.37 – 6.65) 

-1.58 
(-10.68 – 7.5) 

-7.55 
(-18.62 – 3.5) 

 
b. Mean difference in FVC% predicted 

 FVC% pred 
(95% CI) 
6 years 

FVC% pred 
(95% CI) 
11 years 

FVC% pred 
(95% CI) 
18 years 

FVC% pred 
(95% CI) 
24 years 

Comparator group 
No ITS, 
GSTM1+ 

n=30 
N/A 

n=47 
N/A 

n=41 
N/A 

n=30 
N/A 

     
No ITS,  
GSTM1- 

-0.86 
(-7.74 - 6.03) 

-1.53 
(-5.84 – 2.77) 

-0.57 
(-5.77 – 4.62) 

-1.06 
(-6.8 – 4.7) 

     
ITS exposure,  
GSTM1+ 

-1.6 
(-10.18 - 6.96) 

-1.7 
(-7.33 – 3.9) 

-4.9 
(-12.1 – 2.22) 

-2.88 
(-11.16 – 5.39) 

     
ITS exposure,  
GSTM1- 

-8.82 
(-17.3 - -0.29) 
 

-5.6 
(-10.6 - -0.59) 

-2.43 
(-8.9 – 4.05) 

-6.67 
(-13.09 - -0.26) 

     
ITS exposure,  
GSTM1- 
Low ILF  

-10.38 
(-21.1 – 0.34) 

0.08 
(-6.3 – 6.46) 

1.63 
(-7.3 – 10.55) 

-6.52 
(-17.84 – 4.79) 

No ITS – no maternal in utero tobacco exposure; GSTM1+ active genotype; GSTM1- 
null genotype; low ILF – V’maxFRC below the median at 1 month of age. Panel a. 
FEV1% predicted, panel b. FVC% predicted. Bold font indicates p<0.05. 
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Figure 8.1.  

Mean lung function from 6-24 years using generalised estimating equation by passive 
household tobacco exposure. % predicted based on GLI reference values. 
No passive smoke exposure – no pre or post-natal parental smoke exposure (number of 
subjects = 79, number of assessments =228) 
Maternal ITS – mother smoked during the pregnancy (number of subjects = 62, number 
of assessments =162) 
Paternal ITS – father smoked during the pregnancy (number of subjects = 71, number of 
assessments =187) 
Post-natal only – mother did not smoke during the pregnancy but either parent smoked 
during childhood (number of subjects = 35, number of assessments = 99).  
Total number of subjects=199; total number of assessments = 550.  
 *p=0.021; †p=0.035 
Error bars depicting 95% confidence interval. 
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Figure 8.2. 
a.                                                 b. 

 
 
c.                                                 d.  

 
Mean lung function at 6, 11, 18 and 24 years in those exposed and not exposed to 
maternal tobacco in utero. Panel a. FEV1; panel b. FVC; panel c. FEF25-75%; panel d. 
FEV1/FVC; p<0.1 is indicated on figure. N=110 at 6 years, N= 183 at 11 years, N=141 
at 18 years and N=116 subjects at 24 years.  
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Figure 8.3.  
A.   

 
 
B. 

 
Mean lung function longitudinally from 6-24 years for GST null versus active genotype, 
by maternal ITS exposure. Total number of subjects=175 subjects. Total number of 
assessments = 501. Lung function % predicted based on GLI reference range. Panel A. 
GSTM1 genotype. Panel B. GSTT1 genotype. *p<0.05; ** p≤ 0.01 
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Online Supplementary Data:  

Glutathione s-transferase genotype protects against in utero tobacco linked 

lung function deficits  

Louisa Owens, Ingrid A Laing, Jasminka Murdzoska, Guicheng Zhang, Steve W 

Turner, Peter N Le Souëf 

 

 

Table E8.1: Lung function from 6-24 years by passive smoke exposure  

 

 FEV1% predicted 
(95% CI) 

FVC 
% predicted 

(95% CI) 

FEF25-75% 
% predicted 

(95% CI) 

FEV1/FVC 
% predicted 

(95% CI) 
No passive smoke 
exposure n=79 

102.37 
(99.83 – 104.91) 

101.57 
(99.16 – 103.97) 

96.02 
(91.67 – 100.36) 

99.93 
(98.56 - 101.31) 

Maternal ITS n=62 98.55 
(95.88 – 101.22) 

 

98.45 
(95.97 – 100.93) 

91.94 
(87.21 – 96.67) 

99.36 
(97.95 – 100.77) 

Paternal ITS n=71 100.95 
(98.34 – 103.56) 

 

100.84 
(98.29 – 103.39) 

95.18 
(90.89 – 99.47) 

99.29 
(98.01 – 100.57) 

Postnatal smoke 
exposure only n=35 

102.08 
(97.87 – 106.29) 

102.44 
(98.23 – 106.65) 

96.2 
(89.46 – 102.9) 

98.69 
(96.5 – 100.87) 

No passive smoke exposure – no in utero or postnatal tobacco smoke exposure from 

either parent or household member; Maternal ITS – mother smoked at all during the 

pregnancy; Paternal ITS – father smoked at all during the pregnancy; Postnatal smoke 

exposure only- no maternal in utero tobacco smoke exposure, but postnatal smoke 

exposure in the home. 
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Table E8.2: GST polymorphisms and lung function from 6 to 24 years 
 Mean FEV1 % 

predicted 
(95% CI) 

Mean FVC% predicted 
(95% CI) 

Mean FEF25-75% 
% predicted 

(95% CI) 

Mean FEV1/FVC 
%predicted 

(95% CI) 

GSTT1 null 
n=27 

100.45 
(96.68 – 104.21) 

98.91 
(94.43 – 103.39) 

98.17 
(92.47 – 103.87) 

100.57 
(98.34 – 102.8) 

GSTT1 non-null 
n=148 

101.52 
(99.61 – 103.43) 

101.37 
(99.61 – 103.14) 

94.59 
(91.28 – 97.9) 

99.31 
(98.3-100.31) 

 p=0.62 p=0.32 p=0.29 
 

p=0.31 

GSTM1 null 
n=101 

100.94 
(98.56 – 103.3) 

100.29 
(98.04 – 102.54) 

95.53 
(91.55 – 99.51) 

99.79 
(98.65 – 100.94) 

GSTM1 non-null 
n=74 

101.96 
(99.5 – 104.42) 

102.02 
(99.64 – 104.4) 

94.56 
(90.2 – 98.9) 

99.07 
(97.56 -100.59) 

 p=0.56 p=0.3 p=0.75 p=0.46 

Mean lung function from 6-24 years by GST genotype. % predicted based on GLI 
reference values. Unadjusted values. Total number of assessments = 501. Number of 
subjects =175. 
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Table E8.3. Odds ratio for asthma amongst those exposed to maternal tobacco in 
utero compared to no maternal tobacco exposure in utero, by GST genotype 
  OR (95% 

CI) asthma 
at 6 years 

n=32 

OR (95% 
CI) asthma 
at 11 years 

n=30 

OR (95% 
CI) asthma 
at 18 years 

n=19 

OR (95%CI) 
asthma at 24 

years 
n=24 

ALL  Maternal ITS 0.75  
(0.3 – 1.9) 

0.66  
(0.27 – 1.63) 

0.94  
(0.32 -2.81) 

0.77  
(0.27  - 2.23) 

 p  value 0.54 0.36 0.92 0.63 

GSTM1 null Maternal ITS 
n=35 

0.822  
(0.23-3) 

0.36  
(-0.095-1.3) 

0.6  
(0.15 – 2.5) 

0.33  
(0.07 – 1.6) 

 p value 0.8 0.13 0.5 0.17 

GSTM1 
active 

Maternal ITS 
n=22 

0.8  
(0.21-3.3) 

1.6  
(0.41 – 6.5) 

1.6  
(0.26 – 9.7) 

1.9  
(0.41 – 9.3) 

 p value 0.84 0.5 0.6 0.41 

GSTT1 null Maternal ITS 
n=6 

- - - - 

 p value     

GSTT1 active Maternal ITS 
n=51 

1.9 0.7  
(0.27-1.8) 

0.91  
(0.3 – 2.82) 

0.81  
(0.26 – 2.47) 

 p value 0.2 0.46 0.88 0.71 

OR – odds ratio; 95% CI – 95% confidence interval. Maternal ITS – maternal in utero 
tobacco exposure 
 
 
Table E8.4. Association between maternal ITS exposure, GST genotype and 
birthweight 
 Mean birthweight kg 

(SD) 
P value 

No maternal ITS 3.49 (0.47)  
Maternal ITS 3.26 (0.47) <0.001 
GSTM1 active 3.49 (0.45)  
GSTM1 null 3.42 (0.48) 0.34 
GSTT1 active 3.43 (0.46)  
GSTT1 null 3.56 (0.51) 0.22 

ITS – maternal in utero tobacco exposure 
Bold font indicates p<0.05 
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Chapter 9: 

The prevalence of atopy, hayfever, 

eczema and asthma in a longitudinal 

birth cohort 

 
  



 
 

125 
 

Preamble 
The final paper of this thesis presents longitudinal prevalence data on allergic 

conditions in the PIAF cohort. Australia has one of the highest rates of atopy 

worldwide, making this an important topic to address, given the health and 

economic consequences. 

Questions regarding atopic disorders, hayfever, eczema and asthma were included 

in the questionnaires at each assessment. Allergic sensitisation was assessed by 

two methods, skin prick testing and specific IgE analysis.  

 

This cohort was not recruited based on atopy or asthma history of the parents, 

however of the mothers approached about the study in the antenatal clinics, those 

with a history of atopy were more likely to consent to enrolment. There was no 

difference in asthma prevalence among the mothers who did and did not enrol in 

the study. 

 

We had previously shown that early sensitisation in the first year of life was 

associated with asthma only up until the six year assessment (chapter 7) and wished 

to look at these predictive and temporal relationships in greater detail. 

 

This paper was accepted for publication by the Journal of Asthma and Allergy in 

May 2018 and published on 13th August 2018. Dr Louisa Owens is the primary 

author of this paper and performed all the relevant tests for the 24 year assessments, 

collated and analysed the data and wrote the manuscript. Dr Turner performed all 

assessments for the 11 year follow up and contributed to amendments of the 

manuscript. Professor Le Souëf was one of the original investigators involved in 

the design and set up of the PIAF cohort study. All co-authors contributed to 

amendments of the manuscript and advised on data interpretation. 
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ABSTRACT 

Purpose: The aim of this study was to longitudinally assess the prevalence of allergic 
sensitization, asthma, eczema and hay fever from infancy to adulthood in a single 
cohort. 

Participants and methods: This prospective study is based on a longitudinal birth 
cohort of 253 participants, with respiratory and immunological assessments at 1, 6, 11, 
18 and 24 years of age. Subjects were recruited from an urban maternity hospital. 
Retention rates varied from 45% to 72% at follow-up assessments. Asthma diagnosis 
was based on physician diagnosis of asthma and symptoms/medications in the previous 
12 months. Allergic sensitization was defined by the positive skin prick test. Hay fever 
and eczema were based on a questionnaire. 

Results: The prevalence of allergic sensitization rose from 19% (n=33) at 1 year of 
age to 71% (n=77) at 24 years of age. The rate of asthma halved from 25% at 6 years 
of age to 12%–15% between 11 and 24 years of age, but the prevalence of allergic 
sensitization among those with asthma doubled from 50% at 6 years of age to 100% at 
24 years of age. Hay fever rates rose throughout childhood from 7% at 6 years of age 
to 44% at 24 years of age, while the prevalence of eczema reduced from 25% at 6 years 
of age to 16% at 24 years of age. Parental atopy doubled the odds of asthma in their 
offspring by 24 years of age (odds ratio [OR] = 2.63, 95% CI 1.1–6.2, p=0.029). In all, 
74% of those with asthma at 24 years of age also reported hay fever. The relationship 
between eczema and asthma was only significant up to 11 years of age, and the 
relationship between hay fever and asthma was stronger in adolescence and early 
adulthood than in early childhood. 

Conclusion: Patterns of atopic disorders vary throughout childhood. Although the 
prevalence of allergic sensitization and hay fever rose throughout childhood and the 
prevalence of asthma reduced, the strength of their relationship with asthma increased 
with age. 

Keywords: allergy, rhinitis, childhood, adolescence 

 

Plain language summary 
What was known before this study? 

Asthma is linked to conditions such as allergies, eczema and hay fever and 
prevalence rates are very high in Australia. 

Why did we do this study? 

We measured allergy responses in a group of people every 5-6 years, from infancy to 
early adulthood to see how the rates of asthma, allergy, eczema and hayfever change 
with time and how the diagnoses of asthma, allergy, hay fever and eczema relate to or 
predict each other.  

What did we find? 
• A higher proportion had asthma and eczema during early childhood (up to 

6 years of age) than when older (from 11 to 24 years). 

http://www.dovepress.com/
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• Hayfever and allergies were more common in early 

adulthood than early childhood 

• Eczema was closely linked to asthma in early 

childhood, but not in late teens. 

• The link between hay fever and asthma was weaker 

during early childhood than during adolescence. 

• Having a parent with asthma or allergy doubled the risk 

of their child having asthma. 

 

What does this mean? 

Allergies and hay fever are very common among 

adolescents with asthma. Eczema should not be used as 

a predictor for asthma in older children. 

 

Introduction 
Atopy, a genetic susceptibility to developing allergic 

dis- orders, is commonly associated with asthma in 

children. The prevalence of atopy is higher among 

children with asthma at 40%–77% compared with 21%–

64% of children without asthma.1 Other atopic disorders 

such as eczema and allergic rhinitis are also common 

comorbidities for children with asthma, referred to as 

“allergic multimorbidity”.2,3 In unsupervised cluster 

analysis, performed to characterize sub-phenotype 

groups of asthma, atopy is more common in all asthma 

clusters than in non-asthmatics. Yet, it is not a defining 

feature of any group, as there are those with and without 

atopy in all clusters.4 

Individuals who are atopic have a tendency to develop 

IgE sensitization to environmental triggers (allergens). 

These can include house dust mites, pollens, moulds or 

foods. Measurement of these hyper-IgE reactions is used 

to assess for atopy. Allergic sensitization in childhood is    

a predictive factor for the development of asthma later 

on. This link is strongest for those who develop allergic 

sensitization within the first few years of life.5, 6  

However, a recent study from our group showed that 

early onset sensitization was predictive of asthma only 

up to 6 years of age, and there was no significant link 

with asthma from 11 to 24 years of age.7 

Given the prevalence of atopy in asthma, as well as the 

predictive strength of early sensitization for a 

subsequent diagnosis of asthma, allergic sensitization 

has been hypothesized to play a causal role in the 

development of asthma, possibly with allergen-induced 

airway inflammation interacting with the airway 

microbiome and viral respiratory infections to create a 

chronic asthmatic phenotype.6,8 However, comparison 

of the prevalence rates of allergic sensitization and 

asthma in population groups suggests that they do not 

closely correlate with each other, whether looking at 

worldwide populations or even between states in 

Australia, as would be expected if the relationship was 

causal.1,9,10 Areas with the highest rates of allergic 

sensitization do not have the highest rates of asthma. 

When the prevalence rates of sensitization and asthma 

throughout childhood are assessed, allergic sensitization 

appears to increase through infancy, school age, 

adolescence and early adulthood, whereas asthma 

prevalence peaks before 10 years of age and again in 

adulthood with a trough in between these periods.11–14 

Therefore, our aims were to assess the longitudinal 

prevalence of asthma, allergic sensitization and related 

conditions of eczema and hay fever from infancy to early 

adulthood in a single cohort using data from the Perth 

Infant Asthma Follow-up (PIAF) study and to assess the 

trending of each disorder in relation to each other. 

 

Participants and methods 
The PIAF study involves a longitudinal birth cohort of 

253 infants recruited between 1987 and 1989 from a 

general antenatal clinic in Perth, Western Australia. 

Recruitment has been described previously.15 Families 

were not selected based on risk factors for atopy or 

asthma. However, there was a higher prevalence of 

parental allergic rhinitis and eczema, but not asthma, 

among those who enrolled com- pared with those who 

declined. Infants were excluded if they were <37 weeks 

of gestation at birth or if they had a respiratory illness 

prior to their first assessment at 1 month. 

Comprehensive respiratory and immunological 

assessments were carried out at 1, 6 and 12 months in 

those aged 6, 11, 18 and 24 years. Each assessment 

included a questionnaire and skin prick testing, with 

total and specific IgE testing added from 18 years 

onward. 

Skin prick testing to five allergens was carried out at 

each of the infant assessments up to 1 year (rye grass 

pollen, cow’s milk, egg white, Dermatophagoides 

pteronyssinus and Dermatophagoides farinae).16 A 

further six allergens were added from 6 years onward 

(mixed grass, cat pellet, dog dander, cockroach, 
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Alternaria tenuis and Aspergillus fumigatus). A wheal 

with a diameter of at least 3 x 3 mm greater than the 

negative control was considered as positive. 

Specific IgE testing to house dust mite, cat and a mixed 

grass consisting of Bermuda, rye, Timothy, meadow 

(Kentucky blue), Johnson and Bahia grasses was 

performed using ImmunoCAP in those aged 18 and 24 

years. A standard cut-off  value of 0.35 iU/mL was used. 

Allergic sensitization was defined by at least one 

positive allergen on the skin prick test or any specific 

IgE of >0.35 iU/mL, as specified in the results. Only skin 

prick testing was used in the longitudinal prevalence 

data of allergic sensitization, given that it had been 

measured at all assessments. 

“Current asthma” was defined by a physician diagnosis 

of asthma with symptoms or medications within the 

previous 12 months. Questions relating to allergies 

included do you have hay fever? (yes/no), have you ever 

been diagnosed with eczema? (yes/no) and do you still 

have eczema? (yes/no). 

Each assessment was authorized by the ethics committee 

of Western Australia Child and Adolescent Health 

Service Research. Written informed consent was 

obtained for each assessment from either the parent (if 

the participant was <18 years of age at the time of 

assessment) or the subject themselves (if the participant 

was >18 years   of age), as approved by the ethics 

committee of Western Australia Child and Adolescent 

Health Service Research (HREC 2054EP). 

 

Statistics 
Differences in prevalence rates between groups were 

compared using Pearson’s chi-square test for categorical 

variables and Student’s t-test for continuous variables. 

Contemporaneous prevalence rates for asthma, eczema, 

allergic sensitization and hay fever were based only on 

those seen at the assessment. 

The predictive strength of factors for a diagnosis of asthma 

at each assessment was measured using logistic regression, 

and odds ratios (ORs) were reported. Spearman’s correlation 

was used to assess the link between current asthma and  

allergic sensitization at 24 years of age. Only those with data 

recorded for both parents were included in the analysis of 

parental history. The correlation between skin prick test 

results and specific IgE tests was assessed using Pearson’s 

correlation coefficient and chi-square test. 

A two-sided p value of <0.05 was used to define statistical 

significance. Statistical analyses were performed using IBM 

SPSS Statistics for Windows, version 20.0 (released 2011; 

IBM Corporation, Armonk, NY, USA). 

Results 
Population demographics 
Follow-up rates at each assessment varied from 45% to 72%, 

with 77 subjects (30%) seen in all four assessments at 6, 11, 

18 and 24 years. Characteristics and demographics of those 

seen at each assessment have been published previously.7 

The proportion of subjects with atopic sensitization by 1 year 

of age was significantly higher in the group seen at 24 years 

(25%) than the whole cohort (19%). 

 

Prevalence of atopy and asthma 
The prevalence of allergic sensitization, based on the skin 

prick test, rose from 19% (n=33) by 1 year of age to 71% 

(n=77) at 24 years of age (Figure 9.1). The prevalence of hay 

fever also increased rapidly throughout childhood, rising 

from 7% (n=8) at 6 years of age to 44% (n=64) at 24 years 

of age. The prevalence of current asthma peaked at 6 years 

of age at 25% (n=32), followed by a steady rate of 11%–15% 

between 11 and 24 years of age. Eczema prevalence halved 

between 1 and 11 years of age. There was no significant sex 

difference in the prevalence of asthma, allergic sensitization, 

hay fever or eczema at any assessment. 
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Figure 9.1 Percent prevalence of allergic sensitization, hay fever, eczema, and asthma at each assessment. 
Notes: Allergic sensitization is based on the positive skin prick test. Current asthma at each assessment (physician diagnosis with 
symptoms or medications within the previous 12 months) is shown. 
 

Specific IgE testing correlated strongly with skin prick 

testing, with a coefficient of 0.63 (p=0.001) at 18 years 

of age and 0.7 at 24 years of age (p=0.001). A positive 

specific IgE test had a 97% sensitivity and 66% 

specificity at 18 years of age and 88% sensitivity and 

75% specificity at 24 years of age for the positive skin 

prick test. 

 

Family history and asthma 
Of the 242 subjects with data collected from both 

parents, 31% (n=75) had a parent with asthma, which 

doubled the risk of asthma by 24 years of age in their 

offspring (OR=2.35, 95% CI 1.1–5, p=0.027). Two-

thirds of the subjects (66%, n=160) had a parent with 

eczema, asthma or allergic rhinitis, which was 

associated with a similar increased risk of asthma by 24 

years (OR=2.63, 95% CI 1.1–6.2, p=0.029). 

  

Prevalence of allergic sensitization and multimorbidity 

in asthma 
Only 50% of those with asthma had a positive skin prick test at 6 

years of age, but this doubled to 100% by 24 years. The 

prevalence of hay fever among those with asthma rose from 14% 

at 6 years of age to 74% by 24 years (Figure 9.2). The prevalence 

of eczema among children with asthma halved between 6 and 24 

years of age. Less than one-quarter of those with asthma had both 

eczema and hay fever at any assessment. All of those with asthma 

plus eczema at 24 years of age also had hay fever. Approximately 

20% of those with allergic sensitization had asthma at each 

assessment between 11 and 24 years of age (Figure 9.3). 

The predictive strength of allergic sensitization, eczema and hay 

fever for asthma also varied with age (Table 9.1). At 6 years of  

 

 

 
Figure 9.2: Percentage of subjects with asthma with other atopic traits at each assessment. Allergic sensitisation based on a 

current positive skin prick test. Current asthma only (symptoms or medications within previous 12 month 
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Figure 9.3. Percentage of subjects with allergic sensitisation who had asthma at each assessment.  
Note: Allergic sensitisation based on a current positive skin prick test. Current asthma only (symptoms or medications within 
previous 12 month

age, allergic sensitization was associated with an 
increased risk of asthma, with a trend toward statistical 
significance (OR=2.3, p=0.056). At 24 years of age, as 
all of those with asthma also had allergic sensitization, 
an OR could not be calculated; however, the correlation 
was significant (spearman’s rho 0.258, p=0.008). At 6 
years of age, eczema was strongly associated with 
asthma (OR=4.8, p=0.002), while hay fever was not 
significantly associated with asthma (OR=3.7, 
p=0.081). Eczema was no longer predictive of asthma 
at 18 or 24 years of age, while hay fever was 
significantly associated with asthma from 11 to 24 
years of age. 

 
Prevalence of house dust mite and grass 
sensitization 
House dust mite and mixed grass were the two most 
common allergens on skin prick testing at each 
assessment. House dust mite sensitization was slightly 
more prevalent at each assessment, and 40%–60% of 
those with house dust mite sensitization at each 
assessment were also sensitized to mixed grass (Figure 
9.4). 

 
Discussion 
Asthma, eczema and hay fever have been described as 

“the atopic triad”.17 We have shown in a longitudinal 
birth cohort with data to early adulthood that the 
prevalence of allergic sensitization rapidly increases 

throughout childhood into early adulthood. However, 
the associated atopic disorders do not all share the same 
trajectory, with only hay fever following a similar 
increase in prevalence into adulthood. This has 
important implications not only in understanding the 
natural history of atopy and atopic diseases but also 
for economic planning and disease prevention 
strategies. 

Australia has one of the highest rates of atopy 
world- wide with rates continuing to rise, and atopic 
disorders are accompanied by a significant burden on 

both patients and their health systems.18–20 Atopy is 
associated with inherited factors and environmental 
exposures; therefore, collecting up-to-date local 
epidemiological information is necessary. In a recent 
longitudinal Danish study, the rate of allergic 
sensitization in early adulthood was 31% at 26 years of 
age, less than half the rate in our Australian cohort, 
demonstrating the importance of collecting local 

data.21 Both our cohort and the Danish cohort reported 
a similar rapid increase in the prevalence of allergic 
rhinitis throughout childhood; however, the trends in 
asthma were not concordant. In the Danish cohort, 
asthma rates increased between 5 and 10 years of age up 
to a peak of 10%, whereas in our cohort, there was an 
asthma prevalence of 26% at 6 years of age followed 
by a reduction  in later childhood. This early peak in  
asthma prevalence within  our 

 
Figure 9.4. Percentage of participants sensitised to mixed grass and house dust mite at each assessment.  
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Table 9.1. Predictive strength of allergic sensitisation, hayfever and eczema for asthma at each 
assessment 

NOTE: OR= Odds ratio for having allergic sensitisation, hayfever or eczema if have a diagnosis of asthma at each 
assessment. Allergic sensitisation based on positive skin prick test. Bold font indicates p<0.05 

 
 

cohort is unlikely to be explained simply by the high 
rates of asthma in Australia, as by 11 years of age, 
asthma rates were very similar between the two 
cohorts but may be related to differing predominant 
asthma phenotypes in the two countries. 

This longitudinal analysis also highlights some 
important features of the relationships between 
different atopic disorders. There has been a long 
running debate regarding the role of atopy in asthma 

and whether this is causative or not.22 Viral 
respiratory infections and sensitization to 
aeroallergens within the first few years of life appear 
to have a synergistic effect on both the risk of asthma 
developing during childhood and the degree of 
airway inflammation during acute 

exacerbations.6,8,23,24 Many studies have looked 
at the efficacy of early allergen avoidance in the 

primary prevention of asthma with mixed results.25 

In our study, although there was a strong association 
between asthma and allergic sensitization 
throughout childhood and into adulthood, the 
prevalence of positive skin prick tests rose from 
35% at 6 years of age to 71% at 24 years of age, 
while the prevalence of asthma dropped over the 
same time period. This inverse relationship is 
supported by previous cross- sectional studies that 
demonstrated that rates of allergic sensitization and 

asthma do not correlate.9,10 This supports the 
theory that only early sensitization, within the first 
few years of life, could have a strong causative role 
in asthma development. 

All of those with asthma at 24 years of age had a 
positive skin prick test compared with only 50% of 
those with asthma at 6 years of age. This may be 
reflective of the general increase in atopy prevalence, as 
the prevalence of asthma among those with allergic 
sensitization remained stable at 20% from 11 to 24 
years of age; however, asthma was strongly 
correlated with allergic sensitization at 24 years of 
age, suggesting a genuine relationship between the 
two. 

In preschool children, eczema is one of only two 

major factors on the Asthma Predictive Index that 
helps to predict which young children with recurrent 

wheeze will develop asthma.26 Clinicians have been 
using this predictive tool for several decades when 
counseling parents about the risk of their child 

developing asthma.27 Children with eczema have also 
been chosen in asthma prevention studies due to their 

increased risk of developing asthma.28 However in our 
study, eczema was only associated with asthma up to 
11 years of age; therefore, the absence of eczema 
should not be used as a clinical tool to distinguish 
asthma from other causes of respiratory symptoms in 
older children and adolescents. 

We have demonstrated that a positive skin prick 
test has a much stronger relationship with asthma than 
eczema and indeed may make the diagnosis of asthma 
unlikely in older adolescents if negative. Previous 
studies have shown that multi-sensitivity is a stronger 
predictive tool for asthma than sensitivity to single 
allergens and in the UK MAAS study, several classes 
of atopy were identified and only early onset 
sensitization to multiple allergens was associated with 

an increased risk of asthma.29,30 Hay fever also has a 
strong relationship with asthma during adolescence in 
our cohort and may be useful as part of a clinical 
diagnostic tool, particularly in the absence of skin 
prick testing. 

There is a long-standing belief in the 
developmental progression of allergic disorders from 
eczema in infancy to asthma in childhood and then 
allergic rhinitis in adolescence, with a resolution of the 

eczema over this period (the atopic march).31,32 This 
theory was recently disputed by a large study in the UK 
looking at the prevalence of eczema, asthma and hay 

fever in two pediatric longitudinal cohorts.33 

Belgrave et al. identified a number of atopic disease 
trajectories and demonstrated that the temporal 
relationships between atopic disorders are a lot more 
complex than previously believed. Less than 10% of 
their cohort followed the classical atopic march path. 
Unfortunately, our cohort was too small to assess the 

 frequency of the atopic trajectories described in the 

 Asthma diagnosis at 
each assessment 

Allergic sensitisation OR 
(95% CI) 

Hayfever OR  (95%CI) Eczema OR  (95%CI) 

Asthma at 6 years 
(n=30) 

2.3 (0.99 – 5.46) p=0.054 3.7 (0.85 - 15.75) p=0.081 
 

4.8 (1.78 – 12.94) p=0.002 

Asthma at 11 years 
(n=29) 

3.4 (1.37 – 8.53) p=0.008 
 

3.6 (1.51 – 8.54) p=0.004 6.1 (2.44 – 15.32) p<0.001 

Asthma at 18 years 
(n=19) 

4.5 (1.41 – 14.6) p=0.011 
 

5.9 (2.7 -16.67) p=0.001 2.8 (0.65 – 12.08) p=0.167 
 

Asthma at 24 years 
(n=24) 

N/A p = N/A 
 

4.7 (1.73-12.76) p=0.002 1.4 (0.43 – 4.8) p=0.6 
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UK study, but we did show that among those with 
asthma at 6 years of age, eczema was the most 
common allergic comorbidity and by 18 years, hay 
fever was the most common comorbidity. 

Skin prick testing is often used in cohort studies as 
a wide range of allergens can be tested easily and 
cost-effectively; however, in practice, many allergy 
clinics use specific IgE. Unfortunately, the two 

methods do not correlate well in young children.34 

We used both methods at 18 and 24 years of age and 
found that specific IgE testing had a very good 
sensitivity with moderate specificity for skin prick 
testing, likely related to the utilization of a much 
smaller allergen panel. 

The prevalence of allergic sensitization at 24 
years of age was higher than we expected for an 
unselected cohort at 71%; however, it was not 
dissimilar to the rate of 65% seen in the Dunedin 

birth cohort at 21 years of age.13 The increase in 
prevalence of atopy across childhood, which we 
observed, was likely due to a combination of factors. 
First, there has been an increase in atopy worldwide 
over the past few decades, and second, there is a 
documented increase in atopy during childhood and 

adolescence.12,13,35 In addition, two-thirds of the 
families enrolled in this study had at least one parent 
with a history of atopy and those participants with 
early sensitization were less likely to withdraw from 
the 24-year follow-up. This may reflect some 
selection bias among those recruited and retained for 
long-term follow-up due to their increased interest 
in the study. Perth is the most isolated capital city in 
the world, and many young adults move interstate for 
travel, work or college, meaning they are unable to 
attend follow-up assessments. This likely 
contributed to our poor retention rates at some 
assessments. 

One of the limitations of this study is that the 
definition of asthma was based on physician’s 
diagnosis. This did not take the complexity of 
different asthma phenotypes and their underlying 

pathophysiology into account.36 The pathogenesis of 
asthma is still not clearly understood with abnormal 
epithelium, immature innate immune responses, 
genetics, abnormal lung development and the 

environment, all implicated.37–39 Interestingly, 
some of the gene mutations linking asthma, eczema 
and hay fever are not related to immune responses 

but rather the integrity of the epithelium.40–41 
 

Conclusion 
This collection of serial data at crucial developmental 
periods during childhood and adolescence allows for 
a comprehensive analysis of atopy trends in the first 3 
decades of life. The longitudinal study of allergic 

sensitization, hay fever, eczema and asthma prevalence 
in an urban environment highlights that although rates 
of allergic sensitization and hay fever increase 
throughout childhood and into early adulthood and 
rates of asthma reduce, their relationship with 
asthma strengthens. Universal assumptions should 
not be made about the relation- ships between atopic 
disorders as they may be age dependent. 
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Introduction 
The Perth Infant Asthma Follow up study is a critically important and unique 

study, helping to tease out the myriad of factors which affect normal lung 

development from infancy into early adulthood. One of the unique features of this 

study is that it also captures in utero lung development, with measurements of lung 

function within a few weeks of birth, prior to significant post-natal environmental 

exposures and then spanning the entire duration of post-natal lung growth. With 

repeated lung function measurements during infancy and detailed investigations at 

important developmental milestones – early childhood, pre-pubescence, late 

adolescence and early adulthood – the PIAF study has obtained respiratory 

assessments at key points in lung development, allowing for analysis of lung 

function trends and trajectories.  

 

The 24 year follow-up of the Perth Infant Asthma Follow up study has been 

awarded several grants and awards and I have presented the study findings at 

numerous national and international conferences, demonstrating the importance 

which the international research community puts on this project.  

 

Given the breadth of testing which has been performed on the PIAF cohort, this 

thesis has been divided into several discrete sections presented as individual 

papers, which are inter-related and all reflect back to the theme of lung 

development and how early life events may have lifelong effects on respiratory 

outcomes.  

 

Key Findings 
One of the most important findings in this thesis, which had never previously been 

identified, was the revelation that measurements reflective of airway function track 

from infancy into early adulthood. Stern et al. had demonstrated in the Tucson 

cohort that infant lung function correlated with lung function at 22 years of age, 

yet the distinction between lung function variables which reflect airway function 

as opposed to lung size was not made 1. By categorising lung function 

measurements reflective of airflow and airway function (V’maxFRC, FEV1/FVC, 
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FEF 25-75% and FEV1) and measurements reflective of lung size (FEV1 and 

FVC), this thesis clearly demonstrates that impaired airway function in early life 

persists as impaired airway function in young adults, also linking the functional 

deficits to respiratory symptoms. These findings indicate that the structure of the 

airways is laid down in the antenatal period and this structure remains relatively 

stable throughout childhood, whereas postnatal lung growth may be more 

vulnerable to influence by external factors. This will allow future studies to more 

precisely identify which antenatal and early life factors alter the trajectory of lung 

development, whether it be airway function or lung growth, and thus identify 

targets for minimising lung function deficits, reducing the risk for respiratory 

compromise. The in utero phase of lung development clearly has longterm 

repercussions for lung health and may be the most critical period for influencing 

lifelong respiratory outcomes.   

 

One of the most concerning toxins which children are exposed to on a daily basis 

around the world is tobacco smoke. There was a 15% deficit in lung function at 1 

month of age and a 4 - 5% deficit in FEV1 and FVC between 6 and 24 years, in 

children whose mothers smoked during the pregnancy compared with children 

whose mothers did not smoke in the PIAF cohort. These findings confirm that lung 

function deficits related to in utero smoke exposure persist into adulthood. 

Specifically, maternal in utero smoke exposure was associated with deficits in lung 

size measurements, FEV1 and FVC, yet there was minimal effect on measurements 

reflective of airway function, FEF 25-75% and FEV1/FVC. In conjunction with 

the findings from the previous study, this suggests that lung growth is modifiable 

by external and environmental factors, while airway function is more inherent. 

Although children exposed to tobacco smoke are known to have increased risk of 

recurrent wheezing illnesses throughout childhood, as well as deficits in lung 

function into adulthood, this has not previously been followed from birth into 

adulthood in a single cohort 2,3. Despite the implementation of several public health 

measures in Australia aiming to protect the public from passive smoking, the only 

measures which particularly benefit children are the banning of smoking in cars 

with children <16 years of age and around public play equipment. However it is 
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not illegal to smoke during pregnancy, in the home, around children, at parks or at 

unpatrolled beaches. Given that children invariably spend most of their time 

around their parents or carers, particularly in the younger years, they have very 

little protection from the harmful effects of parental smoking during their critical 

developmental years. 

 

A previous study on the PIAF cohort suggested that certain anti-oxidants may offer 

some protection against the detrimental effects of in utero smoke exposure on 

infant lung function. In this most recent follow up, the protective effect appears to 

persist into adulthood, as children with the GSTM1-active genotype had no deficits 

in lung function if exposed to in utero tobacco smoke, while those with the GSTM1 

null genotype had significant deficits in lung function if exposed to in utero 

tobacco. McEvoy et al have shown that vitamin C supplementation during 

pregnancy is associated with improved infant lung function and less wheezing 

illnesses in the offspring of smoking mothers, albeit not amongst those with null 

GST genotypes4.  If boosting the anti-oxidant processes of a foetus or young child 

could protect their developing lungs from harmful passive smoke exposure effects, 

then this could have enormous beneficial repercussions for the lung health of 

generations to come.  

 

Environmental toxins were not the only factor associated with lung function 

deficits in the PIAF cohort. Asthma, the most common chronic respiratory illness 

in Australian children, is an inflammatory disease of the airways. Generally 

children with asthma have normal lung size, however their airways are inflamed 

and hyper-responsive. Adults with asthma have lower lung function than those 

without asthma, however this is not a progressive decline over time. Several 

studies have shown that the deficit in lung function in adults with asthma has been 

present since childhood, with minimal if any increase in this deficit with age 5,6. 

Children are not believed to be born with asthma however it develops within the 

first few years of life due to poorly understood genetic-microbial-environmental-

immune system interactions 7,8. The majority of children with asthma display 

symptoms by 6 years of age, yet in the Respirology article from this thesis we were 
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able to trace the lung function deficits seen in young adults with asthma, right back 

to early infancy. Similar findings had previously been demonstrated in a European 

cohort followed up to 16 years of age9. Lung function at just 1 month of age was 

significantly lower for those with asthma at 24 years than those who did not have 

asthma at 24 years, with a surprising 40% deficit. This lung function abnormality 

at such a young age indicates a significant defect in antenatal or early life lung 

development in children with asthma.  

 

Another unique finding from this paper was that infant lung function distinguished 

those who had asthma during childhood which they had essentially “grown out of” 

compared with those whose asthma symptoms persisted into early adulthood. This 

suggests those who do not grow out of their asthma have inherently abnormal lungs 

from birth and may be a very different phenotype to those whose asthma goes into 

remission during childhood, and who had essentially normal infant lung function. 

This finding again identifies antenatal lung development as a critical period for 

determining lifelong lung health.  

 

Early sensitisation (infantile atopy) was also identified as being associated with 

reduced lung function, but not lung size, throughout childhood, independent of 

asthma status. The abnormal immune response in the first year of life was 

associated with a fixed reduction in lung function from the neonatal period into 

early adulthood. It was also associated with wheeze symptoms into adulthood. 

Current atopy had no relationship with lung function in cross-sectional analysis, 

indicating that the lung function deficit was related to an insult very early in lung 

development. The links between early sensitisation and abnormal lung 

development from very early on, may be due to a common in utero pathway, rather 

than a causal effect. 

 

This study also focussed on the clinical aspects of atopy. Australia has some of the 

highest rates of atopy worldwide and over two thirds of the PIAF cohort were 

atopic at 24 years of age, with prevalence rates increasing throughout childhood 

and adolescence. The rate of atopy in our Australian cohort was similar to that  in 
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the Isle of Wight study at 18 years (49% vs 41% respectively), however was 

significantly higher in our cohort at 24 years (71%) compared to 45.7% at 26 years 

in the British study10,11.  Asthma, which is considered an atopic disorder did not 

follow the same trend and the prevalence reduced throughout adolescence. This 

complements findings from a large European collaborative study which showed 

that atopy accounted for less than one third of allergic co-morbidities such as 

asthma12. The abnormal immune responses associated with atopy are believed to 

play a role in the pathogenesis of asthma 12. Our prevalence patterns suggests that 

if atopy does have a causal role in the development of asthma, this likely occurs 

very early in life, and the development of atopy after the pre-school years does not 

lead to the development of asthma in later childhood.  

 

Strengths and weaknesses  
One of the key strengths of this study is the extensive respiratory assessments from 

birth into adulthood in a general population. In particular, the inclusion of serial 

infant lung function data makes this study unique. Infant lung function testing was 

a relatively new technique thirty years ago and the fact that over 250 subjects were 

recruited antenatally into a study which involved repeated sedation during infancy 

in order to perform this novel testing, is a testament to the foresight of the original 

investigators that this information would be of important clinical significance in 

the future.  

 

These assessments occurred at key developmental stages from early infancy all the 

way through to adulthood and included comprehensive assessments of respiratory 

symptoms, genotyping, environmental exposures, immune responses and family 

history, which may all be factors in determining lung function growth and deficits. 

Lung function peaks in young adults between the ages of 20-26 years, meaning 

that this study has spanned the entire post-natal lung growth period, allowing for a 

comprehensive and contemporaneous assessment of multiple factors which may 

influence lung development and affect respiratory outcomes in adulthood. Of note, 

lung function was not performed post-bronchodilator, as this can not be performed 
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on the same day as airway responsiveness testing and so some of these findings of 

airflow restriction may be reversible.  

 

Another strength of the PIAF study was that many of the investigators involved in 

the study, have been working with this cohort for several decades. Professor Le 

Souëf was one of the original investigators on this study and has been involved in 

all follow-ups over the past 30 years. Dr Ingrid Laing has been working with this 

cohort for nearly 20 years, while Dr Guicheng Zhang has been involved in data 

analysis of the PIAF cohort for over 10 years. This continuity of investigators has 

meant that this thesis supervision has been provided not only by experts in the field 

of longitudinal respiratory studies, but authorities in this particular cohort. 

 

Unfortunately the number of participants included in the study was limited due to 

the difficulty and labour intensive nature of these tests. This has restricted the 

power of the study to show differences in lung function in smaller subgroups, yet 

the longitudinal nature has allowed repeated measurements to be included in the 

statistical analysis of participants and thus led to some very interesting new 

findings. One of the limitations of longitudinal analysis where there is tracking, is 

that positive findings may be reinforced due to repeated measurements in the same 

subjects and negative findings should be interpreted with caution due to the risk of 

type II error. 

 

Many of the positive clinical findings in this study were related to quite small 

changes in lung function, which may not have a significant clinical impact on 

subjects. However given that the population has limited opportunity after 

adolescence to further improve their lung function, I believe that even these small 

incremental differences in lung function between groups, may lead to longterm 

consequences. Further follow up throughout adulthood will allow us to follow the 

lung function trajectories and assess whether the recorded early life insults affect 

not just the peak lung function reached but also the rate of decline in adulthood. 
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Loss to follow up is an unfortunate consequence of longitudinal studies. The young 

adults, aged 24-26 years were a particularly difficult group to track down, given 

that many had travelled interstate or internationally for either study, work or 

leisure. Perth is one of the most isolated capital cities in the world and so many 

young people feel the urge to explore further afield after college, before settling 

down. A further factor contributing to loss to follow-up is that many jobs around 

Perth are based in the state’s mines and so a significant group were working “fly-

in, fly-out” rosters and therefore difficult to track down for an assessment.There is 

a risk of retention bias affecting the longitudinal results of this study, as those who 

continued follow-up through to adulthood were less likely to have been exposed 

to maternal in utero smoking, more likely to have been breastfed and more likely 

to have had atopy during infancy.  

 

Importance of this study 
The tracking of lung function throughout childhood and identifying the factors 

which modify this is crucial to making an impact on lung health of adults.  Reduced 

lung function in early adulthood is not only a strong predictor of COPD but also 

cardiovascular abnormalities and increased mortality in later life 13-16. Lange et al. 

showed that a lower peak lung function in young adults was associated with 

increased risk of COPD later on, independent of the rate of decline following this 

peak 16. In Agusti et al.’s paper, an FEV1 <80% predicted between 25-40 years was 

associated with increased cardiovascular co-morbidities, that also occurred on 

average 10 years younger, and higher mortality when compared with those with 

FEV1>80% as young adults, independent of smoking history 13. All of these studies 

emphasise the importance of ensuring that the lung function trajectory during 

childhood leading up to this peak in early adulthood is maximised and this thesis 

highlights the in utero and very early years as crucial to ensuring this occurs.  

 

Future directions 
Following on from this, the next step will be to assess the cohort between 30-35 

years of age. This is generally a stable period with regards to respiratory health 
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prior to the subsequent decline in lung function. An early decline in lung function 

is associated with a higher risk of developing COPD and identifying factors which 

are linked to an early decline may identify early physiological and environmental 

risk factors for COPD, without having to follow the cohort out for 70 years.  

 

Another avenue of interest in the future will be looking at longitudinal epigenetics, 

which genes are switched on and off at different ages, as we have serial DNA 

samples from the cohort since 6 years of age. The activation of critical genes at 

various time points during development may influence lung growth, asthma 

symptoms and other respiratory outcomes and explain why these are not uniform 

throughout life. 

 

Thirdly, we will include data from the offspring of the PIAF cohort, to allow 

transgenerational analysis of lung growth and lung function trajectories. 

 

Conclusion  
This has been a fascinating journey, looking at lung function development and 

the genetic, environmental and inherent factors which mould it. An improved 

understanding of how these factors play out in real people, living their everyday 

lives, will allow future generations to take advantage of this information, enhance 

their lung development and perhaps avoid lifelong respiratory compromise. 
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Appendix: 

Table A1. Longitudinal Paediatric respiratory function cohorts- 
lung function testing at least twice during childhood 

 

Study Name 

and Country  

 

n= 

Selected/ 
Unselected 
cohort 

Age at first 
assessment 

Age at 
latest 
assessment 

Infant / 
preschool 
lung 
function 

Spirometry Airway 
responsiveness  

Skin prick 
testing / 
serum IgE 
analysis 

Interventional/ 

Observational  

Main focus 

Perth Infant 
Asthma Follow up 
study -PIAF 
(Australia) 

253 Unselected Antenatal 24 years 1, 6, 12 
months - 
V'maFRC 

6, 11, 18, 24 
years 

1, 6, 12 months 

6, 11, 18, 24 
years 

1, 6, 12 
months 

6, 11, 18, 24 
years 

Observational Track lung function 
development 
throughout infancy and 
childhood 

Tucson Children’s 
Respiratory study  
(USA) 

1246 Unselected Antenatal 32 years Subset at 2 
months 
(n=123) - 
V'maxFRC 

6, 11, 16, 22, 
26, 32 years 

6, 11, 16, 22, 26, 
32 years   

6, 11, 16, 22, 
26,32 years 

Observational Identify factors 
associated with wheeze 
and asthma throughout 
childhood 

Manchester 
Asthma and 

1051 High risk for 
asthma (both 
parents 
atopic) 

Antenatal 18 years 
currently 
being 
assessed 

Plethysmo-
graphy at 3 
years 

5, 8, 11 years 5, 8, 11 years 1, 3, 5, 8, 11, 
13-16 years 

Observational and 
interventional 
arms (allergen 
avoidance) 

Understand why some 
people develop asthma 
and allergies whilst 
others do not 
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Allergy study – 
MAAS (UK) 

Dunedin 
Multidisciplinary 
Health and 
Development 
study (New 
Zealand) 

1037 Unselected 3 45 years 
currently 
being 
assessed 

No 9, 11, 13, 18, 
21, 26, 32, 38 
years 

9, 11, 13, 15, 21 
years 

11, 13, 21 
years 

Observational Track asthma and lung 
function throughout 
childhood and 
adulthood as part of a 
large multi-disciplinary 
population study.  

Multicentre Atopy 
Study  

(Germany) 

1314 High and low 
risk groups 
chosen 

Antenatal 22 years no  7, 10, 13, 18 
years 

7, 10, 13, 18 
years 

1, 2, 5, 6, 7, 
10, 13, 18 
years 

Observational Identify modifiable and 
non-modifiable risk 
factors for childhood 
asthma 

Melbourne 
asthma study 

(Australia) 

484 Asthma at 
recruitment 

7 years 50 years no 7,14, 21, 28, 
35, 42, 50 
years 

28 years 7 years Observational Track symptoms and 
lung function into 
adulthood in children 
with asthma 

Bern infant lung 
development 
study 

(Switzerland) 

364 Unselected Antenatal 12 years At 1 month 
- tidal 
volume, 
LCI, RINT, 
FeNO 

6,12 years no 6, 12 years Observational Identify predisposing 
and modifying factors 
of respiratory 
morbidity in the 
context of lung 
development 

Children Allergy 
& Environmental 
Prospective Birth 
Cohort Study –
BAMSE (Sweden) 

4089 Unselected Antenatal 16 No 8. 16 years No 4, 8, 16 years Observational Study risk factors for 
asthma and allergy in 
childhood 

Prevention and 
incidence of 
asthma and mite 

3963 Unselected Antenatal 18 No 4, 8, 12, 16 
years 

No Birth, 1, 4, 8, 
12, 16 years 

Intervention – 
anti-dust mite 
covers on bed 

Investigate the 
influence of lifestyle 
and environment on the 
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allergy -PIAMA 
(Netherlands) 

development of 
asthma, allergy and 
lung function 

Copenhagen study 
on Asthma in 
Children – 
COPSAC 

(Denmark) 

411 High Risk 
(mothers had 
asthma) 

Antenatal 12 years < 1week of 
age - 
FEV0.5, 
bronchial 
responsiven
ess 

5, 6, 7, 12 
years 

< 1 week, 

6, 12 years 

6, 18 months 

4, 6, 12 years 

Intervention arm 
– intermittent use 
of inhaled 
corticosteroids for 
wheezing 
episodes 

Improve prevention, 
diagnosis and 
treatment of asthma in 
children 

Tasmanian 
longitudinal 
health study 

(Australia) 

8583 Unselected 7 years 55 years 
currently 
underway 

 7, 12, 18, 43, 
50, 55 years  

41 years 43, 55 years Observational Examine the 
prevalence and natural 
history of asthma in 
childhood 

Urban 
environment and 
childhood asthma 
study -URECA 
(USA) 

560 Selected- 
Low income 
and ≥1 atopic 
parent 

3 months – 
home dust 
analysis 

7 years At 3 years - 
FEV1, FOT 

5, 6, 7 years 6 years 3, 5, 7 years observational Identify factors 
associated with 
disadvantaged urban 
environments 
associated with asthma  

Avon longitudinal 
study of parents 
and children- 
ALSPAC (UK) 

1400
0 

Unselected Birth 18 years no Annual 7-17 
years 

no Annual 7-17 
years 

Observational Determine how genetic 
and environmental 
factors influence health 
and development in 
children 

Environment and 
Childhood asthma 
Study - ECA 
(Norway) 

 
3754 

Unselected Antenatal 16 years 3 days, 1 
year, 2 
years n=803 
-tPTEF/tE 

10, 13, 16 
years 

10, 16 years 10, 16 years Observational Assess whether infant 
lung function predicts 
asthma in childhood 
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LCI - lung clearance index; RINT -airway resistance by interrupter technique; FeNO - fractional exhaled nitric oxide; FEV0.5 - forced expiratory volume in 0.5 seconds; FOT 
- forced oscillation technique; tPTEF/tE - time to peak expiratory flow/total expiratory time 

Western 
Australian 
pregnancy cohort 
–Raine cohort 

(Australia) 

2860 Unselected Antenatal 22 years no 5, 14, 22 
years 

5, 14, 22 years 6, 22 Observational Determine how events 
during pregnancy 
affect health 
throughout childhood 

Isle of Wight 
Birth Cohort 

(UK) 

1456 Unselected Birth 23 years no 10, 18 years 10, 18 years Birth, 1,2,4, 
10, 18 years 

Observational Identify genetic and 
environmental risk 
factors for asthma and 
allergy 

Childhood origins 
of asthma study - 
COAST  (USA) 

 

287 High risk – 
parental 
atopy 

Antenatal 14 years no Annual 5-13 
years 

11, 13 years Birth, Annual 
1-13 years 

Observational Assess links between 
immune dysregulation, 
viruses and gene-
environment 
interactions in asthma 

Cohort for 
Childhood Origins 

of Asthma and 
Allergic diseases –
COCOA (Korea) 

2500 Unselected Antenatal 10 years Pre-school 
at 3 years  - 
FOT 

6, 10 years no Birth, 1, 3, 6, 
10 years 

Observational Investigate links 
between maternal 
physical and mental 
health and offspring 
allergic diseases 

German Infant 
Study on 
Nutrition 
Intervention + 
environmental & 
genetic influences 
on allergy 
development -
GINI plus 

5991 Unselected 
and high risk 
groups 

Antenatal 15 years No 6, 15 years no Birth, 1, 2, 6, 
10 ,15 years 

Intervention and 
observational 
arms 

Determine the impact 
of feeding regimen in 
infancy, environmental 
exposures, life style 
factors and genetic 
predisposition in 
asthma and atopy 
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Appendix 2: 24 year assessment questionnaire 

 
 

Perth Infant Asthma Follow-up (PIAF) 

Study – 24 years 

Respiratory Questionnaire: 

 

Contact Details: 
 
Date: ____/____/____ 
 
Name: ____________________________  Date of birth: ____/____/____ 
Phone: _________________    Address: _________________ 
Mobile: ________________      _________________ 
Email:    __________________________    _________________ 
Occupation: ________________________  Work Address: _________________ 
          _________________ 
Mothers Name: _________________  Fathers Name: __________________ 
Address:   _________________  Address:  __________________ 
   _________________    __________________ 
Phone:   _________________  Phone:  __________________ 
 
Contact details of siblings, relatives or next of kin (to aid future follow ups): 
 
Name:   _________________    Name:   __________________ 
Relationship: _________________   Relationship: __________________ 
Address:   _________________   Address: __________________ 
  _________________     __________________ 
Telephone:  _________________   Telephone:  __________________ 
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Respiratory Symptoms 

Cough 
 
1. Do you regularly cough when you do not have a cold?   Y/N 
    If Yes, please answer i-vi 
 

(i) Is the cough dry or moist?     Dry/moist 
 (ii)  Do you often cough first thing in the morning?  Y/N 
 (iii)  Do you often cough during the night?   Y/N 
 (iv)  Do you often cough during the rest of the day?  Y/N 
 (v)   How often has the cough been present in last year?   ___ days/wks 
 (vi) Have you been coughing in the last two weeks?  Y/N 
 
Wheeze 
 
2. Does your breathing ever sound wheezy or whistling:   Y/N 
    If Yes, please answer i-iv 
 
 (i)  Does this occur: 
   a. When you have a cold?    Y/N 
   b. With cold air?     Y/N 
   c. Most days or nights?    Y/N 
   d. With exercise?     Y/N 
 (ii) How often has the wheeze been present in last year?  ___ days/wks  

(iii) Have you wheezed in the last two weeks?   Y/N 
(iv) Have you ever had an attack of wheezing that made you feel short of breath?  

        Y/N 
 
Asthma 
 
3. Have you EVER had asthma diagnosed by a doctor?   Y/N 
    If Yes, please answer i-vii  
 

(i)  Do you still have it?      Y/N 
 (ii)  At what age did it start?     _____Yrs 

(iii)  If you no longer have it, at what age did it stop?              _____ Yrs 
(iv)  How often have you had asthma symptoms: 

  in the last year?       _____ days 
   in the last month?       _____ days 
  in the last two weeks?       _____ days 
 (v) How often have you required your Ventolin in the last month?  _____ days 

(vi)  What regular medication are you taking if any:    
  ______________________________________ 

(vii) Have you ever been hospitalised for your asthma?  Y/N 
 
General Respiratory Health 
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4.  Have you ever had any of the following health problems diagnosed by a doctor? 

(a) Bronchitis       Y/N 
(b)  Bronchiolitis       Y/N 

 (c)  Pneumonia       Y/N 
 (d)  Whooping cough      Y/N   
 

Allergy Symptoms 
 
Hayfever 
 
5.  Do you suffer from hayfever?   Y/N 
 If yes, in what seasons?   ________________ 
 What symptoms do you get?   ________________ 
 At what age did your symptoms start? _________ yrs 
 
Allergies: 
6.  Do you have an allergy to: 
 grasses and pollens    Y/N 
 cows milk     Y/N 
 cat hair      Y/N 
 dog hair     Y/N 
 dust      Y/N 

foods  specify: ______________ 
other  specify: ______________ 
 
If Y to any of the above,  
(a) What are your symptoms? __________________________ 
(b) At what age did they start?__________ yrs 

 
Rhinitis 
 
7.  Do you have a problem with sneezing, running or blocked nose, when you do not 

have a cold?      Y/N 
If yes, in what seasons?   ________________ 

Eczema 
 
8.  Have you ever been diagnosed with eczema? Y/N 
 (a) How old were you when it began? _________ yrs 
 (b) Do you still have eczema?   Y/N 
  
 

Family history 
 
9. Do either of your parents have / had:     

Mother     Father 
(a) Hayfever    Y/N/Don’t know   Y/N/DK 
(b) Bronchitis    Y/N/DK    Y/N/DK 
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(c) Emphysema   Y/N/DK    Y/N/DK 
(d) Asthma    Y/N/DK    Y/N/DK 
(e) Eczema    Y/N/DK    Y/N/DK 
 
 

Childhood Environment  
Circle or delete as appropriate. If you are unsure – write “don’t know” 
 
10. Did you regularly attend daycare before the age of 2?  Y/N 

11. Between the ages of 2 - 5 did you regularly attend: 

 Daycare       Y/N 

Pre-school       Y/N 

 None of the above      Y/N   

12. Did you have a pet up to the age of 5?    Y/N 

If Yes, what animals? ____________________      

Environmental Exposure 
 
13. Do you have pets now?      Y/N  

If Yes, what animals? ____________________      

 

14. Have you ever smoked cigarettes regularly?   Y/N 

    If Yes, please answer i – v 

(i) How old were you when you started smoking?    _____ years 

 (ii) Do you smoke regularly now?    Y/N 

(iii) If not, how old were you when you stopped?    _____ years  

(iv) How many cigarettes do you smoke per day now/ before you stopped? _____/day 

(v) How many cigarettes have you smoked in the last 24 hours?  ____ 

 

15. Are you regularly exposed to other people’s tobacco smoke? Y/N  

If Yes, please specify:          

(a) at home (b) at work/college  (c) in the car  (d) socially 

 
 

Lifestyle 
Exercise 



 
 

154 
 

16.  How often do you do high intensity (breathless/heart pounding) exercise for 10 
minutes or more? 

     Never  
< 1/month  
1-4/month  
>1/week  
>3/week   
Av days/month…… 
 

17.  How often do you do moderate intensity (not exhausting) exercise for 30 minutes or 
more? 

Never  
< 1/month  
1-4/month  
>1/week  
>3/week   
Av days/month…… 

Circle Types:  
vigourous swimming/cycling    running    team sports    gym    aerobics    surfing easy 
swimming/cycling    walking    yoga    tennis    other: ______________ 
 
 
 
Menstruation: (girls only) 
 
18.  Have you had your first period?     Y/N 
 At what age did they start?        ____ yrs 
 Are your periods regular or irregular?    regular/irregular 
 How many days is it since your last period?    _____ days 
 
Education 
 
19.  What age did you finish your full time education?   __ yrs / ongoing 
20.  Level achieved?       _____________ 
 
Alcohol 
 
21.  Do you drink alcohol?      Y/N 
 If yes, how many standard units per average week?  ______ units 
 Have you ever drank enough to feel sick/dizzy?  Y/N 
 How many times in the past 12 months?   _____ times 
 
Drugs 
 
22.  Have you ever used illicit drugs?    Y/N 

If yes, please specify?      _____________ 
        _____________ 
How many times each in past 12 months?   _____________ 
        _____________  
        _____________ 
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Diet 
Tick or delete as appropriate. You may choose more than 1 option for each question 
 
23.  How often do you eat fresh fish?    never 
         less than once a week  
         more than once a week 
 
24.  How often do you eat fresh oily fish?    never 
         less than once a week  
         more than once a week 
 
25.  How many pieces of fruit do you usually eat per day? (Count ½ cup of diced fruit, 

berries or grapes as one piece) 
    I don’t eat fruit / Less than 1 piece of fruit per day 

1-2 pieces of fruit per day 
≥3 pieces of fruit per day 

 
26.  How many portions of vegetables do you usually eat per day? (Count all types - fresh, 

frozen or tinned) 
    I don’t eat vegetables / Less than 1 vegetable per day 
    1-2 vegetables per day 
    ≥3 vegetables per day 
27.  On average, how many eggs do you usually eat per week? 

I don’t eat eggs / Less than one egg per week 
    1 – 2 eggs per week 
    ≥3 eggs per week 
    
28.  What type of milk do you usually use? 
 
    none 
    full cream milk 
    reduced fat / skimmed milk 
    soya, rice, almond, other __________  
 
29.  How much milk do you usually use per day? 

(Include flavoured milk and milk added to tea, coffee, cereal etc.) 
 

    none 
    less than 250ml (1 large cup or mug) 
    between 250 and 500ml (1-2 cups) 
    ≥500 (2 cups) 

 
30.  On average, how many teaspoons of sugar do you usually use per day?  (Include 

sugar taken with tea and coffee and on breakfast cereal etc.) 
    none 

1– 4 teaspoons 
≥ 5 teaspoons 
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31.  How often do you eat sweets/chocolate/ biscuits/cake 
    I don’t eat them / Less than once per week 
    1 – 2 days per week 
    3 – 5 days per week 
    6 or more days per week 

Usual quantity per sitting __________________ 
 

32.  Which of the following do you usually use eg on bread?  
    Butter 
    Canola or soy margarine 
    Other margarine eg. Sunflower, safflower 
 
33.  When frying food, which type of fat or oil do you usually use? 
    Butter, lard or dripping 
    Olive oil 
    Canola or soy oil 
    Other oil eg. Sunflower, vegetable, coconut 
 
 
34. In the last 3 months which vitamin or mineral supplements have you taken more than 

once per week? _______________________________ 
 

Thank you for completing this questionnaire. For any queries please contact Dr Louisa 
Owens on louisa.owens@health.wa.gov.au or 0410337866 

 

  

mailto:louisa.owens@health.wa.gov.au
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