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ABSTRACT 

Background and aims: Obstructive Sleep Apnoea (OSA) is a sleep-related 

breathing disorder characterised by repetitive narrowing and collapse of the upper 

airway during sleep. Obesity is a common risk factor and therefore many studies 

account for the confounding influence of obesity on OSA by adjusting for the metric 

of body mass index (BMI). Nonetheless, the aetiological relationships between OSA 

and obesity are complex. 

The core aim of the research described in this thesis was to investigate the 

inter-relationships between OSA and obesity. Specifically, this was achieved by 

assessing the relationship in terms of genetic, physiological and environmental 

factors. Associated with the examination of OSA and obesity was the use of a case-

control methodology where the control subjects were picked from a general 

population sample. A methodological investigation into the prevalence of 

undiagnosed OSA in a Western Australian community was conducted. Additionally, 

the capacity of a questionnaire-based method to identify subjects without 

moderate-severe OSA for use as suitable community controls was assessed. The 

first study examined whether genetic polymorphisms known to be associated with 

BMI were independently associated with OSA. The second study used dual-energy 

absorptiometry (DXA) to examine the role of fat distribution on the severity of 

OSA. The spectrum of severity in OSA is often attributed to variations in fat 

distribution; however, previous studies in this field have been compromised by 

small numbers and inadequate acknowledgement of the role of sex on fat 

distribution. The third component examined the contribution of environmental 

influences on obesity and OSA by the measurement of daily physical activity. There 

is evidence that vigorous exercise may modify the risk of OSA. Recent research of 
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cardiometabolic risk factors suggests that inactivity, as a separate factor from 

activity, may play a role in cardiometabolic risk. However, the role of inactivity on 

the risk of OSA is yet to be investigated. 

Methods: This thesis employed data from a prospective case-series of 

individuals with OSA (n=2,340) drawn from the Western Australian Sleep Health 

Study (WASHS), which recruited patients referred to the West Australian Sleep 

Disorders Research Institute (WASDRI) in Western Australia for a suspected sleep 

related disorder. Of these, 96 were further characterised using dual-energy 

absorptiometry and 1,610 had genetic data available. The Busselton community in 

Western Australia has been surveyed multiple times by the Busselton Health Study 

(BHS). This thesis employed data from the 1994-1995 and 2005-2007 

cross-sectional studies (n = 5,251) for comparison with the WASHS case series and 

793 subjects who were characterised overnight using a portable monitoring device 

to determine the prevalence of undiagnosed OSA. 

Results: The age-standardised prevalence estimate of undiagnosed 

moderate-severe OSA was 9%. Snoring frequency and blood pressure 

measurements were used to identify individuals without moderate-severe OSA 

with a 92% post-test probability. The study of genetic polymorphisms and their 

association with OSA suggested that each copy of the minor allele of a 

polymorphism flanking the v-maf musculoaponeurotic fibrosarcoma oncogene 

homolog (avian, MAF) gene increased the odds of moderate-severe OSA by 20%. 

Another polymorphism flanking the glucosamine-6-phosphate deaminase 2 

(GNPDA2) gene increased the log-transformed apnoea hypopnoea index (AHI) by 

0.07 log-transformed events/hour. Both polymorphic associations remained 

significant after adjustment for BMI. Regional obesity was associated with OSA 
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severity, although differently in men and women. In women, percentage of fat in 

the neck region and BMI together explained 33% of the variance in AHI. In men, 

percentage of fat in the abdominal region and neck-to-waist ratio (NWR) together 

accounted for 37% of the variance in AHI. In comparison with moderate exercise, 

high, low, and nil exercise had OR for moderate-severe OSA of 0.6 [95% confidence 

interval (CI) 0.5 - 0.8], 1.6 (95% CI 1.2 - 2.0), and 2.7 (95% CI 1.9 - 3.7), 

respectively. In comparison with medium activity occupations, the light and 

sedentary occupations had OR of 1.8 (95% CI 1.4 - 2.4) and 1.5 (95% CI 1.1 - 2.0) 

respectively, but heavy/very heavy occupations were not statistically different (OR 

= 0.7; 95% CI 0.5 - 1.1).  

Conclusions: Undiagnosed OSA is highly prevalent in the Western Australian 

general population. The questionnaire items for snoring frequency or 

hypertension may usefully screen community samples for low risk of 

moderate-severe OSA. This thesis contributes the following findings: (i) that two 

genetic loci associated with BMI play an independent role in sleep disordered 

breathing; (ii) that centrally located fat deposition contributes to the severity of 

sleep disordered breathing, although differently in men and women; (iii) that 

exercise protects against developing OSA; but that (iv) sedentariness increases the 

risk of developing OSA. 
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WASHS Western Australian Sleep Health Study 

WHR waist-to-hip ratio 

WSCS Wisconsin Sleep Cohort Study 

χ2 Chi square statistic 
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GLOSSARY 

Actigraphy: a non-invasive sensor worn on the wrist, leg or hip that continuously 

monitors gross motor activity and can be used to monitor rest and activity 

cycles in humans. 

Allele: alternative form(s) of a gene that can occur at a single locus. 

Association study: the study of association between an outcome (e.g. allele) and a 

trait (e.g. having OSA) in a population. 

Atherosclerosis Risk in Communities Study (ARCS): a prospective epidemiologic 

study started in 1987 and conducted in four communities in the United 

States to address causes of atherosclerosis and clinical outcomes.  

Candidate gene: a gene which can be reasonably posited to be involved in the 

genesis of a phenotypic trait or disease on the grounds of biologica l 

plausibility. 

Case: an individual in which the disease or trait of interest is present. 

Case Transdisciplinary Research in Energetics and Cancer Colon Polyps Study 

(CTRECCPS): an ongoing screening colonoscopy-based cross-sectional study. 

Chromosome: a linear arrangement of DNA that contains genes and other 

proteins. 

Cleveland Family study (CFS): a family-based study of sleep apnoea of 2284 

individuals (46% African American) from 361 families started in 1991 and 

over a period of 16 years. 

Complex disease: a disease involving multiple genetic and environmental factors 

that does not exhibit a Mendelian pattern of inheritance. 
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Epworth Sleepiness Score (ESS): An 8 point instrument assessing the likeliness of 

dozing in passive and active day time situations that is used as a proxy 

measure of day time sleepiness. 

Framingham Heart Study (FHS): a longitudinal study of several large cohorts of 

men and women from Framingham, Massachusetts in the United States 

started in 1948. 

Gene: a segment of DNA on a chromosome that is inherited and contains the 

information required to produce a functional product via transcription to 

RNA and translation to amino acids. 

Genotype: the specific combination of alleles at one locus. 

Hardy-Weinberg equilibrium: the principle which describes the distribution of 

genotypes at a locus in terms of its allele frequencies in a population. 

Heterozygote: an individual having two different alleles at a given locus. 

Homozygote: an individual having two identical alleles at a given locus. 

Hypercapnia: where the threshold of carbon dioxide in the blood is too high. 

Hypercapnia is an arousal stimulus in sleep. 

Linkage disequilibrium: the co-occurrence of alleles at two or more loci at a 

frequency that is greater than expected by chance. 

Locus: the specific place on a chromosome at which a gene is located (multiple: 

loci). 

Negative predictive value (NPV): the proportion of subjects with a negative test 

who are truly negative for the condition and it is calculated as: 

true negatives / (true negatives + false negatives). 
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Mallampati score:  a categorical score (i, ii, iii, iv) based upon assessment of 

whether the uvula, faucial pillars and soft palate are visible in the the oral 

cavity. A higher score relates to more difficult intubation and higher 

incidence of OSA. 

Metabolic equivalent (MET): the ratio of metabolic rate during a specific physical 

activity in reference to a set metabolic rate of 3.5 ml O2·kg−1·min−1. 

Odds ratio (OR): the ratio of odds of a dichotomous outcome (e.g. having 

moderate-severe OSA) among exposed individuals relative to that among 

unexposed individuals. 

Percentage of body fat (PBF): a value derived from data from a DXA scan and 

calculated as (total body fat(g) (TBF)/total mass(g)) x 100. 

Phenotype: an observable or measurable characteristic or trait in an individual. 

Positive predictive value (PPV): the proportion of subjects with a positive test 

who are truly positive for the condition and it is calculated as: 

true positives / (true positives + false positives). 

Western Australian Sleep Health Study (WASHS): an epidemiologic, genetic, and 

biospecimen resource created to enable research into sleep disorders, which 

recruited approximately 90% of all patients presenting at the Sir Charles 

Gairdner Hospital sleep clinic, Western Australia’s largest facility for the 

diagnosis and treatment of OSA and other sleep disorders. Data from this 

resource has been used in the studies presented in chapters 4 through 6. 

Wisconsin Sleep Cohort Study (WSCS): a prospective, longitudinal study of a 

population based cohort of adults aged 30 to 60 years. 



GLOSSARY 

~ xxviii ~ 

Single nucleotide polymorphism (SNP): a variation at a specific location in the 

DNA sequence due to a single nucleotide difference between individuals. 

Sleep Heart Health Study (SHHS): a prospective cohort study of adults aged 40 

years and older who have been assessed by polysomnography for sleep 

disordered breathing. Participants have been drawn from several parent 

cohort studies including the ARCS and FHS. 
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1 Introduction 

1.1 Context of the thesis 

Obstructive sleep apnoea is characterised by repetitive upper airway 

obstruction during sleep.1 It results from a combination of anatomic features that 

narrow the upper airway and the permissive effect of insufficient neuromuscular 

compensation during sleep.2 OSA is thought to be prevalent to a symptomatic 

degree in at least 2% of women and 4% of men.2 OSA leads to impaired quality of 

life,3 and is associated with an increased risk of myocardial infarction,4 stroke,5 

heart failure,5 depression,6 metabolic syndrome and diabetes mellitus (DM),7-10 as 

well as motor vehicle11 and occupational12, 13 accidents. Obesity is a common risk 

factor14-16 with 60-90% of patients with OSA presenting with a BMI greater than 30 

kg/m2.17 

Obesity is the consequence of energy consumption being greater than the 

expenditure required for normal function and health. The confounding 

relationship between OSA and obesity is often accounted for in statistical analysis 

by adjusting for the metric of BMI. However, the relationships between OSA and 

obesity are complex with fat mass and fat distribution both being important 

considerations. Both OSA and obesity interact and influence the multiple 

mechanisms involved in metabolic homeostasis and, as such, both conditions are 

implicated in cardiometabolic disease.18  

The aetiological relationships between obesity and OSA are likely to be 

bidirectional, possibly even cyclic (see figure 1). Obesity exerts a mechanistic 

influence on upper airway dynamics since increased soft tissue in the neck and 

abdomen increases the propensity for upper airway collapse. OSA causes 
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disruption of hormonal and metabolic control of energy intake. The close 

association of obesity and OSA may reflect shared genetic origins. Common genetic 

variation is thought to predispose to variations in the way metabolism is regulated. 

Metabolic pathways influence the physiological mechanisms by which the body 

responds to energy excess. Therefore, variation of fat deposition is a measurable 

phenotype of human metabolic variation. Fat deposition is often discussed as a 

factor in OSA severity.  

 

Figure 1.1: Hypothetical relationship between obstructive sleep apnoea and obesity 

Environmental factors play another key role in the relationship between OSA 

and obesity. Government bodies and medical societies around the world prescribe 

exercise for obesity. The concept known as our ‘24-hour society’ may disrupt 

circadian rhythm, which may contribute to the development of obesity. Yet, 

societal constructs such as transportation and mechanisation of work force 

demands have reduced energy expenditure. There is some evidence that physical 

activity plays a role in reducing the incidence of OSA.19 
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This thesis sought to add to existing knowledge about the relationship 

between OSA and obesity using three novel approaches: 

 Candidate gene studies of OSA have largely been conducted in small 

samples, most unable to detect an odds ratio (OR) of less than two.20 

However, genome wide association (GWA) studies of multiple large-scale 

samples to identify single nucleotide polymorphisms (SNPs) have been 

used to examine normal human variation in body weight. Chapter 4 of 

this thesis investigated whether SNPs found by previous GWA studies to 

be related to BMI have any association with OSA. 

 Distribution of fat laterally in the neck has long been purported to be 

important to the severity of OSA. A number of studies have examined how 

regional fat in the neck or abdomen relates to severity of OSA. However 

this research has either been limited to male populations21, 22 or included 

only small numbers of women23 and has relied upon traditional 

anthropometric measures like BMI, waist and neck circumferences, NWR, 

waist-to-hip ratio (WHR), and skin-fold anthropometry, which are of 

limited accuracy in determining fat distribution.16, 24-26 Most studies 

utilising computed tomography (CT) or magnetic resonance imaging 

(MRI) have assessed the contribution of either neck21, 22, 27 or abdominal 

fat,28 but not both. Only one study has examined the relative contribution 

of both neck and abdominal fat and concluded that fat accumulation in 

the neck was not associated with OSA severity.29 Therefore, the 

contributory role of differences in pattern of obesity on severity of OSA 

remained inadequately defined. Chapter 5 of this thesis investigated 

whether fat measured by traditional anthropometric measurements, DXA, 
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or a combination of both, best predicted OSA severity. This thesis also 

investigated sex-stratified associations between OSA severity and 

regional fat distribution. 

 Longitudinal data from the Wisconsin Sleep Cohort Study (WSCS) 

suggests that there is a reduced incidence of OSA in those who exercise.19 

Therefore exercise may be a modifiable factor that reduces the risk of 

OSA. Recent research suggests that sitting or states of low energy 

expenditure [<1.5 metabolic equivalents, (METs)30] may adversely affect 

metabolic processes even when adequate exercise is taken.31, 32 It is not 

known whether inactive behaviour has any relationship with OSA. 

Occupation may capture an important component of sedentary behaviour 

but this has not previously been considered. Chapter 6 of this thesis 

investigated whether low levels of activity are associated with OSA. 

Chapter 4 and 6 of this thesis involved comparing a large case series of OSA 

with a representative community sample. This highlighted a methodological issue 

surrounding prevalence of undiagnosed OSA. Specifically, the gold standard 

methodology for the diagnosis of OSA (laboratory-based polysomnography; PSG) is 

logistically difficult and expensive to perform in large population-based samples. 

Consequently portable monitoring and questionnaires are often used within a 

research environment to characterise OSA cases and controls. Community samples 

can be used as representative controls, however, undiagnosed OSA, which has 

been estimated to affect 5% of adults,2, 33, 34 would bias conclusions toward the null 

hypothesis. Therefore, prior to investigating OSA and obesity, the study described 

in chapter 3 quantified the prevalence of undiagnosed OSA in an Australian 

community sample and developed a questionnaire-based method to remove the 
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more severe cases of undiagnosed OSA from a general population sample, without 

undue reduction in sample size. 

1.2 Thesis aims 

This thesis addresses the following aims: 

1. To estimate undiagnosed moderate-severe OSA in a general 

population sample and to determine the capacity of questions from 

the Berlin questionnaire (BQ) to identify subjects without diagnosed 

OSA of moderate-severe severity. 

2. To investigate whether 19 SNPs associated with BMI are 

independently associated with OSA.  

3. To describe the associations between severity of OSA and measures of 

obesity in body regions defined using both DXA and traditional 

anthropometric measures. 

4. To determine if low activity in occupation and recreational pursuits is 

associated with the presence of moderate-severe OSA and severity of 

OSA and to examine differences in symptom profile (excessive 

daytime tiredness, fatigue, depression and driving risk) between 

physically inactive and active cases of OSA. 

1.3 Thesis organization and structure 

The thesis is presented in chapters as a series of four interrelated scientific 

papers (chapters 3 through 6). Each chapter has a foreword, abstract, introduction, 

methods, results and discussion section which explore one of the thesis aims 

detailed in section 1.2. The chapters are presented in the same order as the aims. 
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As such, chapter 3 addresses aim 1, chapter 4 aim 2, chapter 5 aim 3, and chapter 6 

aim 4. These studies are preceded by a literature review (chapter 2), which 

critically assesses and summarises current literature surrounding OSA and obesity 

research. The thesis concludes (chapter 7) with a discursive summary of the main 

findings. 
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2 Literature review 

2.1 Foreword 

This chapter provides an overview of the literature subtending the topics of 

this thesis. The prevalence and risk factors associated with OSA are described and 

an overview of the known contribution of genetic factors to OSA is provided. 

Research salient to the multiple mechanisms by which obesity and OSA are related 

are discussed. 

2.2 Obstructive sleep apnoea 

OSA is a sleep-related breathing disorder. Specifically, it involves reduced 

patency of the upper airway resulting in repetitive upper airway obstruction, 

either in the form of reduced airflow (hypopnoea) or complete cessation of airflow 

(apnoea). This occurs despite ongoing respiratory effort, as the soft tissue 

structures of the upper airway, behind the tongue and soft palate,35 collapse in 

upon one another.1 Obstructive events lead to oxygen desaturation and 

hypercapnia and these terminate, usually, by a cortical arousal from sleep resulting 

in muscle activation and recovery of airway patency.1 Frequent obstructive events 

during sleep cause cyclical oxygen desaturation and re-saturation and result in an 

abnormal sleep pattern, specifically: frequent arousal from sleep; increased stage 1 

sleep; and reduced stage 3/4 and rapid eye movement  sleep (REM).36 OSA is 

assessed using direct measurement of sleep parameters (PSG) to obtain a 

quantitative measure of severity: the AHI.1 Within the paradigm of research, AHI is 
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often used as a proxy metric of the severity of OSA. A higher score indicates greater 

severity.  

2.2.1 The apnoea hypopnoea index 

The AHI is a count of apnoeas and hypopnoeas averaged by total sleep time 

and is measured during PSG requiring complex measurement of multiple 

physiological variables. In generating the AHI index there are three factors that 

introduce inter-laboratory variation in the reporting of the index: i) variations in 

the number and type of variables recorded by polysomnographic equipment 

(section 2.2.1.1); ii) multiple definitions for apnoeas and hypopnoeas (section 

2.2.1.2); and iii) differences in human interpretations of apnoea and hypopnoea 

definitions (section 2.2.1.2). In addition, within the research paradigm different 

AHI thresholds are used to define presence and severity of OSA (section 2.2.1.3). 

Despite the fact that AHI is subject to measurement variation, it remains the most 

rigorous and highly utilised metric to describe OSA in humans and is one of the 

main outcome variables used in this thesis. 

2.2.1.1 Variations in polysomnography quality  

Sleep studies can be conducted using various levels of sophistication ranging 

from laboratories in the hospital environment, where large numbers of measures 

are recorded and technical failures are rectifiable, to home-based sleep studies, 

where only breathing and oxygen saturation may be measured. In home-based 

sleep studies, where sleep state is not monitored, AHI calculation is based upon 

study duration rather than the total sleep time. This has the effect of 

underestimating the true AHI as the time during monitoring which was spent 

awake can not been accounted for. Furthermore equipment failure, which cannot 
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be fixed in a home study, can reduce the time capture of the study. Limiting the 

study to a subset of sleep time rather than a full sleep can skew the estimation of 

AHI in either direction because apnoeas and hypopnoeas may not occur 

continuously throughout total sleep because of variations in sleep stage and body 

position.  

The different equipment used to measure and software used to display and 

interpret PSG data can result in inter-laboratory variability. Breathing events, 

particularly hypopnoeas, are subject to variation in intra- and inter-scorer 

interpretation. The repeatability of the AHI in subsequent PSG on the same 

individual can be low1 because PSG itself results in altered sleep architecture, 

typically, delayed onset of REM, and reduced total sleep time36 due to unfamiliarity 

with the laboratory environment and equipment.  In addition to this, AHI may have 

low repeatability due to variations in the pathophysiological traits underlying OSA, 

For example, level of obesity, which is known to exacerbate OSA, may fluctuate in 

an individual over time. 

2.2.1.2 Multiple definitions for apnoeas and hypopnoeas 

The 1999 American Academy of Sleep Medicine (AASM) ‘Chicago’ criteria 

was developed to standardise scoring of respiratory events for the purpose of 

clinical research.1 In 2001, the same body produced a position paper for clinical 

practice guidelines. In 2007, due to recognition that variability in the clinical 

definition of hypopnoeas was significant, the Manual for Scoring of Sleep and 

Associated Events was published.37 Two definitions for hypopnoea were reported: 

the recommended definition and the alternative definition. In the same sample, 

each definition produces markedly different estimates of AHI: 328 diagnostic in-

laboratory PSGs showed the median AHI was 25, 8 and 15 events/h for the 
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Chicago, recommended and alternative criteria.37 In 2012 the AASM criteria were 

updated to clarify ambiguities and address omissions in the 2007 criteria.38 In 

Australia, the 2012 criteria have become the current methodological guidelines 

recommended by the Australasian Sleep Association. One outcome of refining the 

guidelines is that there is now significant variability in literature surrounding the 

definition of hypopneas. In this thesis the 1999 American Academy of Sleep 

Medicine ‘Chicago’ criteria were used as this was the standard criteria used at the 

sleep clinic from where the cases were generated.  

2.2.1.3 Severity thresholds 

Regardless of the definition used to define AHI, generally, ≥ 5 events/h has 

been used to determine the presence of OSA in adults. The 1999 Report of the 

American Academy of Sleep Medicine Task Force used an operational definition of 

severity such that ≥ 5 to 14.9 events/h is considered mild OSA, ≥ 15 to 29.9 

events/h is moderate OSA and ≥ 30 events/h is considered severe. The mild and 

moderate categories are based upon arbitrary boundaries but severe OSA was 

found to be associated with an increased risk of hypertension in a large 

epidemiological cohort.1 There exists variability within literature as to which cut 

off to use (AHI ≥ 5, ≥ 10, ≥ 15 events/h) to characterise cases of OSA using AHI. 

This is evident in prevalence estimates where multiple definitions and thresholds 

have been reported (Section 2.2.4).  

2.2.2 Obstructive sleep apnoea hypopnoea syndrome 

Within clinical practice, AHI is considered a one-dimensional reflection of 

OSA. Obstructive sleep apnoea hypopnoea syndrome (OSAHS) is the combination 

of OSA, defined on the basis of AHI, and the collection of symptoms that result from 
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it. The presence of such symptoms can assist in diagnosis and motivate adherence 

to treatment and management plans in patients.36 As such, there is an important 

terminological difference between OSA and OSAHS. 

Individuals with OSA are often unaware of the disruption to their sleep, 

however, recurrent sleep disruption can manifest as excessive daytime sleepiness, 

of which patients are often more aware. Excessive daytime sleepiness and sleep 

disordered breathing are the hallmark clinical features of OSAHS.39 Impaired 

cognitive functioning,40 increased risk of motor vehicle and occupational 

accidents,12, 13 depression and reduced quality of life,3 impotence, reduced sexual 

drive, nocturia, retrograde amnesia and personality changes such as 

aggressiveness and irritability are acknowledged consequences of OSAHS.36 

2.2.2.1 Diagnostic criteria 

The case subjects in this thesis were diagnosed with OSAHS according to the 

1999 American Academy of Sleep Medicine Task Force Diagnostic Criteria for 

OSAHS. Diagnosis with OSAHS requires the fulfilment of criteria A or B, plus 

criterion C outlined in Table 2.1.  

Fulfilment of criterion A or B is determined qualitatively usually during a 

physician led interview of the patient. Assessment of criterion C requires direct 

measurement of sleep parameters (PSG) to obtain a quantitative measure of 

severity: the apnoea-hypopnoea index (AHI).1 
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Table 2.1: The American Academy of Sleep Medicine Task Force Diagnostic 

Criteria for obstructive sleep apnoea hypopnoea syndrome1 

Criterion Definition 

A Excessive daytime sleepiness that is not better explained by other 
factors 

B Two or more of the following that are not better explained by other 
factors: 

 Choking or gasping during sleep 

 Recurrent awakenings from sleep 

 Unrefreshing sleep 

 Daytime fatigue 

 Impaired concentration 

C Overnight monitoring demonstrates five or more obstructed breathing 
events/h during sleep. These events may include any combination of 
obstructive apnoeas/hypopnoeas or respiratory effort related arousals. 

2.2.3 Terminology in the literature and this thesis 

In the past physicians have diagnosed OSAHS in patients based upon 

qualitative assessment of daytime somnolence and quantitative measurement of 

disordered breathing during sleep. However, in a bid to provide clarity, research 

papers have reported associations with AHI only, naming the outcome OSA. AHI 

has been used to report severity, examine community prevalence and define case 

status in research studies,37 however, prevalence studies often report on both OSA 

and OSAHS. In this thesis OSA where the measure of severity is continuous was 

used rather than the dichotomous outcome OSAHS. The advantages of this metric 

are that it allows for greater choice in statistical methodology and is totally reliant 

upon objective measurement with no subjective component. In this respect, the 

metric of OSA includes all individuals who have frank disordered breathing but do 

not perceive (or report) daytime sleepiness. 
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2.2.4 Prevalence estimates of obstructive sleep apnoea and 

obstructive sleep apnoea hypopnoea syndrome 

The most frequently cited prevalence estimates in published literature are by 

Young et al41 who estimated 9% of women and 24% of men have OSA and 2% of 

women and 4% of men have OSAHS. Other prevalence estimates generated from 

PSG data for OSAHS and OSA are outlined in Table 2.2. Generally, prevalence 

studies conducted with similar methodologies in Caucasians have yielded similar 

estimates.33, 42, 43 Chinese populations appear similar to Caucasians in terms of  

prevalence of OSAHS but have reduced prevalence of OSA.44, 45 Estimates from 

Korea, America, Australia and Spain all report that OSA, defined by an AHI 

≥  5 events/h, affects approximately 1 in 5 men. In women, estimates ranged from 

9% to 28%.41, 43 Thus, the most cited prevalence estimate of OSA in women is also 

the lowest estimate. OSA is slightly less prevalent in Indian than in Caucasian 

populations, with OSA reported to affect between 1 in 5 to 8 men and between 

1 in 13 to 18 women.46-48 Prevalence estimates may reflect true variations in 

disease prevalence however variability in methodology can introduce systematic 

differences in estimates (see section 2.2.1). Nevertheless, these studies provide 

evidence to conclude that sleep disordered breathing is a common occurrence.  

Although the prevalence of OSA is often cited at around 9% in women and 

24% in men,41 this estimate was made in 1993 and is likely to underestimate OSA 

due to the rise in the proportion of obese individuals. Population levels of obesity 

have increased world-wide49, 50 and obesity is a significant risk factor for OSA.33, 43-

46, 48, 51 Pretto et al 52 used a retrospective cross-sectional study of consecutive 

patients presenting at a sleep clinic for diagnostic PSG to estimate an annual 

increase of 1% in the number of Australian individuals with severe OSA 
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(> 30 events/h) between 1992 and 2007. Rate of body weight increase in the study 

by Pretto et al was similar to that observed in the Australian population.52 The 

concomitant rise in prevalence of obesity is likely to be a factor in the upward 

trend in OSA prevalence. 

Craniofacial structure in conjunction with adiposity is thought to explain 

inter-ethnic differences in factors mediating upper airway collapse. Ip et al44, 53 

found that the prevalence of OSA in the Chinese population was associated with 

BMI, however, the proportion of obese individuals was lower than in Caucasian 

samples despite the use of a conservative BMI threshold value of 23 kg/m2 to 

define overweight and obesity in the Chinese population. A comparative study of 

Chinese men with Caucasian men confirmed that OSA occurred with greater 

severity in less obese Chinese men and that shorter cranial base and smaller 

cranial base angles were attributable in this relationship.54 Other studies have 

implicated differences in mid and upper-face height, size and position of the 

mandible.54 A cohort of Polynesian and other Pacific Islanders, in comparison with 

a Caucasian cohort, showed bony nasal aperture measures and mandibular 

retrognathism were associated with OSA risk in Polynesian and Pacific Islanders.55 

Udwadia et al46 found a high prevalence of OSAHS in Indian men despite reporting 

a lower BMI than those reported in Caucasian samples. Multipoint model-free 

variance component genome-wide linkage analysis and candidate gene studies of 

European-Americans and African-American suggest shared and unshared genetic 

determinants of AHI and BMI between these ethnic groups.56-58 Therefore although 

obesity is acknowledged to be associated with OSA risk there is likely to be 

significant inter-ethnic variation in the role of obesity and other contributing 

factors such as neural and muscular control. For this reason genetic studies will 

have greatest power if they overcome the effects of population stratification by 
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using samples that are as ethnically homogenous as possible or by carefully 

adjusting for multiple ethnicities (e.g. by use of principal component analysis59). 
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Table 2.2: Prevalence estimates for obstructive sleep apnoea hypopnoea syndrome and obstructive sleep apnoea 

Author Year Population N Age range 
(years) 

Study type Definition AHI 
threshold 

Prevalence (%) Gender ratio 
(M:F) Males Females 

Young41 1993 Caucasian American 602 30-60 PSG OSAHS ≥5 4.0 2.0 2:1 
     OSA ≥5 24.0 9.0 2.7:1 
Bearpark33 1995 Caucasians Australian 485 40-65 HOME OSA ≥5 26.0 - - 
     OSA ≥10 10.0 - - 
Gislason60 1998 Caucasian Swedish 61 30-69 PSG OSA ≥5 1.3 - - 
Bixler42, 61 1998/2001 Mixed race American 1741 20-100 PSG OSAHS ≥10 3.9 1.2 3.3:1 
    OSA ≥15 7.2 2.2 3.3:1 
Durán43 2001 Caucasian Spanish 555 30-70 PSG OSAHS ≥10 3.4 3.0 1.1:1 
     OSA ≥5 26.2 28.0 0.9:1 
Ip44, 45 2001/2004 Hong Kong Chinese 255 30-60 PSG OSAHS ≥5 4.1 2.1 2:1 
    OSA ≥5 8.8 3.7 2.4:1 
Kim51 2004 Korean 457 40-69 PSG OSAHS ≥5 4.5 3.2 1.4:1 
      OSA ≥5 27.1 16.8 1.6:1 
Udwadia46 2004 Indian 250 35-65 PSG OSAHS ≥5 7.5 - - 
      OSA ≥5 19.5 - - 
Sharma48 2006 Indian 151 30-60 PSG OSAHS ≥5 4.9 2.1 2.3:1 
      OSA ≥5 19.7 7.4 2.7:1 
Reddy47 2009 Indian 365 30-65 PSG OSAHS  ≥5 4.0 1.5 2.7:1 
      OSA ≥5 13.5 5.5 2.5:1 

PSG: overnight laboratory based polysomnography; HOME: overnight ambulatory sleep study 
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2.2.4.1 Methodological constraints in estimating prevalence 

Obtaining valid estimates of the prevalence of OSA are hampered by the 

under diagnosis of OSA. Under-diagnosis can be attributed to the requirement for 

PSG to diagnose the disorder, which is time consuming and labour intensive, and 

therefore does not lend itself to large sample prevalence estimates. Most studies of 

prevalence of OSA have compromised between the measurement demands 

imposed by PSG and the sample size necessary to estimate prevalence by using a 

two stage process.41-48, 51, 61 Step one involves the identification of individuals in a 

population likely to be at high and low risk for OSA. Questionnaire response about 

habitual snoring and apnoeas have most frequently been used,41, 44-46, 48, 51 

however, presence of daytime somnolence, obesity, hypertension and menopausal 

status,42 and home-based monitoring of sleep43 have also been utilised. In step two 

an admixture of high and low risk individuals are studied using PSG. Typically, 

100% of high risk and 25% of low risk are used. This allows over-sampling of at 

risk individuals, but ensures adequate sample variance in the cohort.  

To generate a prevalence estimate, in most instances, the high and low risk 

subjects who underwent PSG were compared with the high and low risk 

individuals who did not undergo PSG. Where no significant differences in age, BMI 

or sex existed between the like groupings, prevalence of OSA and OSAHS in the PSG 

group was considered representative of the population sample. Where differences 

did exist, prevalence estimates of OSAHS and OSA were calculated using the total 

questionnaire sample as the denominator. This second approach is likely to 

underestimate the prevalence of both OSA and OSAHS.  

Prevalence has mostly been reported with the diagnostic criteria for OSAHS 

as AHI ≥ 5 events/h plus the presence of daytime somnolence and OSA as AHI 
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≥ 5 events/h. Some prevalence estimates, however, have used home-based 

monitoring33, 46, 51 and/or an AHI cut off of 10 events/h to define OSA and OSAHS42 

which has contributed to variability in them (Table 2.2, page 16). 

2.2.5 Undiagnosed obstructive sleep apnoea  

The extent of undiagnosed OSA in the general population has been estimated 

in previous decades to represent 5% of adults.2, 33, 34 Even prevalence studies are 

likely to underestimate the true burden of the disease. This is a methodological 

concern when random samples from the community are used as controls in a 

case-control analysis. A significant proportion of community controls may, in fact, 

qualify as cases if they were formally studied using PSG. The effect of diluting a 

control sample with cases would be a bias towards accepting the null hypothesis of 

no difference between cases and controls in statistical testing.  

The case-control study is an established methodology for measuring and 

comparing factors associated with unhealthy states with those experienced in a 

general population. The case-control study aims to derive a risk factor for an 

exposure that is as close as possible to the estimate that would have been derived 

had a prospective cohort with follow up been employed,62 however it represents a 

more efficient design since it uses a subset of the source population from which the 

cases came. There are two conditions that should be met within a case-control 

study in order to arrive at a similar risk estimate as a cohort study. Firstly, the 

cases should be the same individuals who would have been considered cases in a 

cohort study, e.g. prospectively recruited incident cases. Secondly, controls should 

be sampled from the same population from which the cases arose and 

independently of exposure status. Controls are often conceptualised as individuals 

who do not have the disease in question; however, the purpose of the control 
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group is to estimate the distribution of exposure in the source population. In other 

words the exposure distribution of the controls should be similar to that of the 

population from where the cases came.62 

The case-control study is often used in research of OSA and PSG is reported 

when confirming case status, but not always for control status. Studies looking at 

candidate genes for the presence and severity of OSA, which incidentally largely 

report null findings, demonstrate the various control selection strategies that are 

employed in case-control studies of OSA. Some have performed PSG on all subjects 

to ascertain case and control status,63-67 some personal and familial history to 

determine ‘healthy’ control status with respect to sleep ,68-71 some a history of 

hypertension,64, 72 and some have not applied any screening technique.73-76 A 

simple method that allows the control group to be refined to one with lower OSA 

prevalence without undue reduction in sample size would benefit future 

case-control studies.  

Questionnaires offer simplicity and have been widely used to screen for 

OSA.77 There are numerous paper based questionnaires: the BQ, Wisconsin 

questionnaire, Apnea Score questionnaire, Haraldsson’s questionnaire, Sleep 

Apnea Scale of Sleep Disorders Questionnaire, checklist of the American Society of 

Anesthiologists, the STOP questionnaire, the STOP-Bang questionnaire, which have 

been concisely reviewed by Abrishami et al.77 The BQ is the most commonly 

utilised instrument, probably because it has been validated in several populations. 

The BQ is a paper based questionnaire of known risk factors for OSA which assigns 

a high or low risk of OSA in three self-reported symptom categories: (i) nocturnal 

snoring and apnoeas; (ii) daytime fatigue and; (iii) obesity or history of 

hypertension. It was devised to aid the identification of suspected cases of OSA in 
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the primary care setting and was piloted in 1008 primary care patients with a 

subsequent 13% further characterised with a portable monitoring device.78 

Diagnostic test thresholds indicated the BQ was a good instrument for identifying 

patients requiring follow up for sleep disturbance. The BQ has been used to 

estimate prevalence of OSA and its associated co-morbidity in the general 

population and primary care settings.79, 80 However, no study had been published 

at the time of writing that examined the capacity of the BQ to select OSA free 

control subjects.  

2.2.6 Mortality risk for obstructive sleep apnoea 

Clinical and community cohorts have demonstrated that severe OSA has been 

linked to cardiovascular and all-cause mortality, even after adjusting for BMI.81-83 A 

longitudinal study of patients referred to a sleep clinic reported OSA was 

significantly associated with stroke or death (hazard ratio 1.97, 95% confidence 

interval (CI) 1.12, 3.48).83 Data from the Busselton Health Study, a longitudinal 

study (1966 - present) of a small community in Western Australia, demonstrated a 

6.24 fold greater risk of all-cause mortality [95% CI 2.01, 19.39] associated with 

moderate or severe OSA.81  

2.2.7 Risk factors for obstructive sleep apnoea 

Presence and severity of OSA is known to be mediated by non-modifiable risk 

factors (such as sex and age) and modifiable risk factors such as alcohol, smoking 

and obesity. Modifiable risk factors represent opportunity to modulate the severity 

of OSA and optimise treatment options for patients.  
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2.2.7.1 Sex 

OSA is more common in men.84 This can be seen in the prevalence estimates 

outlined in Table 2.2 (page 16) where the sex ratios would suggest for every 

woman with OSA there are up to 3 men. Generally, men experience more severe 

OSA.85 When men and women are matched for body weight, men have a higher AHI 

which is due to a greater proportion of apnoeic than hypopneic events.85 The 

mechanisms underlying the sex differences observed in prevalence and severity of 

OSA are unclear. Men are known to have longer airways, even after adjustment for 

height, and this may negatively affect airway patency.85 Men also have higher 

pharyngeal compliance during sleep and more pronounced load responsiveness.85  

There is some evidence to suggest that there are sex differences in the 

chemical control of breathing and these could determine propensity for upper 

airway collapse.85 The sex hormones testosterone, oestrogen and progesterone are 

known to contribute to chemical control of breathing. Testosterone is known to 

induce and exacerbate OSA.86 Oestrogen may be protective against the 

development of OSA. OSA is more prevalent in post-menopausal women than pre-

menopausal women and hormone replacement therapy attenuates the risk of 

OSA.36 Sex hormones are also implicated in fat distribution and this is discussed in 

section 2.3.4.3.   

2.2.7.2 Age 

As age increases, so does the prevalence of OSA. Some studies have 

demonstrated a doubling in AHI every 10 years.87 Increased age brings with it 

decreased upper airway size, increases in pharyngeal collapsibility and airway 

resistance. In addition age related increases in BMI are associated with a 

distribution toward centrally located adiposity.88 
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2.2.7.3 Alcohol 

Findings from epidemiological studies on the relationship between OSA and 

self-reported alcohol intake have been inconsistent and the effect of long term 

alcohol use on disease severity is unknown.2 It is likely that this is due to 

difficulties and bias involved with self-reported alcohol consumption. Alcohol 

intake prior to sleep is known to exacerbate upper airway collapse during sleep.89  

2.2.7.4 Smoking 

Smoking is thought to predispose the airway to OSA through inflammation 

and reduction in upper airway tone at night as a result of overnight nicotine 

withdrawal. In the WSCS, moderate-severe OSA was associated with an OR of 2.3 in 

smokers in comparison with those who have never smoked. In this cross-sectional 

study heavy smoking (≥ 40 cigarettes per day) was associated with 40 times the 

odds of developing OSA. Former smokers did not appear to have increased odds of 

developing OSA.90 In contrast to the WSCS data, biological plausibility and 

recommendations by physicians everywhere, the Sleep Heart Health Study (SHHS) 

reported reduced odds of developing OSA in smokers suggesting that smoking 

protects against the development of OSA.2 Given disparate findings between two 

large epidemiological cohorts more research is needed on the mechanisms by 

which smoking may influence OSA. Cessation of smoking is clearly recognised as a 

global health advantage.  

2.2.7.5 Obesity 

Obesity is a commonly reported risk factor for OSA. Progression of OSA 

from simple snoring to the development of hypersomnolence can take many yea rs, 

however rapid, recent weight gain is frequently reported by individuals presenting 
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to sleep physicians.87 Longitudinal data from the WSCS found a 10% weight gain 

predicted a 32% increase in AHI. Conversely, a 10% weight loss predicted a 26% 

decrease in AHI.14 This finding was consolidated by a longitudinal cohort study of 

the cardiovascular consequences of sleep apnoea, where a stronger association for 

men than women was reported.91 The relationship between obesity and OSA is 

multifactorial and covered in section 2.3.  

2.2.8 Genetic studies of obstructive sleep apnoea 

Genetic epidemiology uses the statistical analysis of observed and measured 

phenotypes and genotypes to infer disease aetiology and highlight which 

biochemical pathways may be involved in a disease or health phenotype. The 

genetic epidemiology of OSA has been investigated using a variety of analytic 

approaches: i) heritability studies; ii) candidate gene association studies and; 

iii) genome-wide linkage analysis studies. The genome-wide association study 

(GWAS) approach is yet to be undertaken within a sample of individuals with OSA. 

2.2.8.1 Overview of analytic methods in genetic epidemiology 

Heritability studies estimate the aggregation of OSA in family members and 

hence the proportion of the disease attributable to genetic factors. Candidate gene 

studies examine associations between SNPs and OSA phenotypes in case-control 

studies. Candidate gene studies are so named because the contribution of the SNP 

variant to a functional change in biochemistry is known or there is substantive 

biological plausibility between the gene and the disease. In contrast, genome-wide 

linkage analysis studies and GWA studies intend to find causal genes without 

having a priori knowledge of functionality of variants or their position within the 

genome. Genome-wide linkage studies use familial data to identify regions of the 
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genome statistically associated with the disease. Candidate gene association 

studies are then necessary to locate any causal genes within the region implicated 

in the genome-wide linkage analysis.  

Genome-wide association studies test the magnitude of any correlation 

between common haplotypes or SNPs and a complex phenotype (e.g. OSA or 

obesity).92 They may use large case-control studies of unrelated individuals where 

cases are a large sample of individuals with the complex phenotype and controls 

are a suitable comparison group (e.g. population based controls).93 These studies 

do not require a plausible hypothetical link between loci and outcome. Rather the 

whole genome is ‘screened’ using densely genotyped SNPs (> 600,000) to 

investigate associations between individual SNPs and the outcome measure. Since 

this method involves multiple testing using large numbers of SNPs, a more 

stringent P-value threshold than the traditional levels of P < 0.05 or 0.01 is used to 

denote statistical significance. By necessity the sample size of either an individual 

study, or pooled multiple studies, must be large to ensure adequate power. The 

SNPs may be within or outside of the coding and regulatory sequences of the gene. 

It is often unknown how the variation at the SNP site alters the function of the 

gene. Additionally, SNPs may simply be a marker of a functionally relevant SNP or 

haplotype rather than a causal site in the genome. The nearest gene to the SNP may 

not be the functional variant.94 For these reasons, replication is required to ensure 

that associations are robust within different populations95 and functional studies 

of the genes are required to characterise the functional impact of SNP variants on 

the disease. 
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2.2.8.2 Heritability of obstructive sleep apnoea 

Obstructive sleep apnoea is thought to have a substantial heritable 

component.55, 96 First degree relatives of an individual with OSA are more likely to 

habitually snore or have witnessed apnoeas, even after controlling for obesity, age 

and sex96 and nearly 40% of the variance in AHI has been proposed to be explained 

by genetic factors.55 Twin and family studies suggest that ventilatory 

responsiveness to hypercapnia is under a high degree of genetic control54 

suggesting that genetic factors may account for the variability in severity seen 

within OSA. 

2.2.8.3 Genome-wide linkage analysis studies 

Three genome-wide linkage analysis studies of the Cleveland Family Study 

(CFS) suggest that, in both Caucasians and African Americans, AHI and BMI have 

shared and unshared genetic factors. This suggests that genes that regulate obesity 

may also regulate OSA by common causal pathways, but that there are also genes 

that operate independently of BMI.56, 97, 98 A recent genome-wide linkage analysis 

of a large Filipino family (n = 50) reported evidence of a novel qualitative trait 

locus for obstructive breathing during sleep and high density lipoprotein (HDL) on 

chromosome 19q13.4.99 The authors suggested that candidate genes located 

within the killer cell immunoglobulin-like receptor gene cluster at this locus are 

biologically plausible candidate genes for OSA but acknowledged that the loci may 

also modulate body weight and the development of DM.99 Genome-wide linkage 

studies do not elucidate candidate loci and are most powerful in diseases with 

Mendelian inheritance.56, 98 Therefore confirmation of the hypotheses generated 

through genome-wide linkage analyses are best addressed using candidate gene 
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association studies and functional research. This has not yet occurred for any 

OSA-related genome-wide linkage study.  

2.2.8.4 Candidate gene studies 

Many candidate gene studies of OSA have examined polymorphisms in genes 

known to encode biomarkers of inflammatory response and insulin resistance  in 

sample sizes which lacked power to detect an OR of two.20 Table 2.3 details a 

number of studies of small sample size that examined polymorphic variation in 

genes with strong biological plausibility for disease risk. Many report positive 

findings while some show no effect. However, in each study sample size was 

insufficient to properly investigate modification by sex, and/or age, and/or other 

putative factors which may modulate the disease risk associated with the locus. 

Replications of results for the loci that have been identified are yet to be 

undertaken for most of these studies 
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However, some candidate gene studies have been independently replicated 

and indicate a relationship between polymorphic variation and OSA. Three studies 

- albeit with small sample sizes (104 OSA cases/103 controls63; 206 OSA cases/192 

controls73; 102 OSA cases/77 controls66) - have examined tumour necrosis factor-α 

(TNFα) gene. The -308G/A polymorphism has been associated with increased 

levels of pro-inflammatory cytokine TNFα which has been strongly related to 

intermittent hypoxia due to repetitive apnoeas and/or hypopnoeas. All studies 

concluded that the A allele frequency was greater in OSA cases. Amongst OSA 

cases, the A allele, in comparison with those homozygous for the G allele, was 

significantly associated with AHI,63, 73 oxygen saturation during sleep and serum 

TNFα levels.63 Controls with an A ‘risk’ allele (genotype AA or AG) had smaller 

waists and necks, and lower levels of TNFα in comparison with cases who had the 

same genotypes.63 This indicates that factors other than the TNFα (-308G/A)  

polymorphism are associated with increased TNFα levels and obesity in OSA. 

Meta-analysis of these three studies estimated that the TNFα (-308G/A)  

polymorphism is a risk factor for OSA (OR = 1.8, 95% CI 1.3-2.6).100 
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Table 2.3: Examples of small sample sized candidate gene studies of obstructive sleep 
apnoea 

Gene (publication) Year Cases/ 
controls 

Findings: 

Serpin peptidase 
inhibitor, clade E 101 

2002 70/78 No effect 

Haptoglobin93 2003 465/757  Interaction between haptoglobin phenotype 
and OSA on presence of CVD 

Insulin receptor 
substrate 1102 

2006 50/143 Arg allele associated with occurrence of 
OSAS in males  

Gamma-aminobutyric 
acid (GABA) B receptor, 
1 103 

2007 75/99  Ala20Val & Phe658Phe associated with 
OSAHS 
Gly489Ser: none 

Leptin receptor gene 
(LEPR) 104 

2007 102/77 Arg allele associated with presence of OSA 
and higher cholesterol. Arg/Arg associated 
with higher LDL and HDL in men. 

Leptin receptor gene 
(LEPR) 65 

2008 130/50 No effect 

Solute carrier family 6, 
member 4 71 

2008 254/338 5-HTTLPR L and Stin2.VNTR 10 alleles 
associated with presence of OSA in men 

Endothelin-1 (EDN1) 97) 2009 364/57 Homozygous carriers of the mutant allele 
(TT) had a greater increase in AHI when 
they were more obese and male 

Endothelial nitric oxide 
synthase (eNOS) gene74 

2009 48/181 Associated with presence of OSA 

Interleukin-6 (IL-6) 64 2009 151/75 Two haplotypes conferred risk of OSA; one a 
protective effect in non-obese 

Serotonin receptor 
(5-HT2A)105 

2006 55/102 T102C polymorphism: no effect 

-1438G/A polymorphism: A allele more 
frequent in OSA subjects, especially males 

Serotonin receptor 
(5-HT2A) 106 

2013 100/100 T102C polymorphism: no effect 

-1438G/A polymorphism: AA genotype more 
prevalent in OSA cases 

Serotonin receptor 
(5-HT2A)107 

2012 210/105 -1438G/A polymorphism: A allele more 
frequent in OSA subjects 

-1678A/C; -1421C/T; 102C/T; 24563A/C; 
61472A/C: no effect 
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The largest sample sizes have been utilised in investigations of the APOE ε4 

locus in large, well characterised epidemiological cohorts.76, 108-110 The APOE ε4 

locus encodes a lipoprotein proposed to exert an influence on lipid metabolism, 

ventilatory stability during sleep, propensity for airway collapse and the 

development of cardiovascular disease.111 Associations between OSA and variation 

at this locus have been conflicting.76, 108-110 Kadotani et al108 used a middle aged 

cohort and observed an association with AHI in carriers of the ε4 positive allele. 

This finding was replicated in the SHHS, where an AHI of > 15 events/h was 

strongly associated with ε4 carriers less than 65 years old.109 However, Foley et 

al110 reported no association of this allele with OSAHS in the Honolulu-Asia Aging 

Study and a Finnish study reached the same conclusion.76 A meta-analysis of eight 

studies, pooled data on 1,901 cases of OSA and 4,607 controls and concluded that 

there was not enough evidence to suggest a causal relationship between the 

APOE ε4 locus and OSA.112  

One study used a candidate gene study using family data from the CFS,57 

which has previously been used in genome-wide linkage analyses,56, 97, 98 enriched 

with non-related individuals from neighbourhood control families. This cohort 

comprised 2534 subjects, of African-American and European ancestry with 334 

cases of OSA (AHI ≥ 15 events/h). The AHI was log transformed and used as a 

continuous outcome as well as dichotomised into those with AHI ≥ 15 events/h 

and those without. Fifty-three genes, tagged by 1080 SNPs in African American 

ancestry and 505 SNPs in European ancestry were considered. The authors picked 

genes, highlighted by human and animal work, thought to be involved in the 

regulation of craniofacial morphology, obesity or inflammation, and ventilatory 

control.57 Multiple comparisons were accounted for using Benjamini-Hochberg 

false discovery rate (FDR).113 The effect of BMI was investigated by presenting 
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models with and without BMI as a covariate. In European ancestry the loci for glial 

cell line-derived neurotrophic factor (GDNF, rs2973042) was associated with an 

AHI increase of 3.5 events/h for each G allele. Similarly in the gene C-reactive 

protein (CRP, rs2808630) AHI was increased by 4.1 events/h for each additional 

C allele. In African-American ancestry the rs9526240 SNP within the serotonin 

receptor 2a (HTR2A) gene was associated with significantly increased odds of 

moderate-severe OSA (OR=2.1, 95% CI 1.5-2.9). Using the traditional P-value 

threshold of < 0.05 many more associations were reported in the supplement to 

the main manuscript, with the authors calling for replication studies. Although this 

study took a more rigorous approach to their statistical analysis there was limited 

power because only 190 African Americans and 144 European Americans had OSA.  

In 2012 data from the CFS were used again in the first cross-cohort candidate 

gene study of OSA.58 Again, two ancestries were considered: European and African-

American. European ancestry data came from subsets of the Atherosclerosis Risk 

in Communities Study (ARCS), Framingham Heart Study (FHS), and the CFS. In 

total, these community cohorts had 963 cases of OSA and 1965 control subjects of 

European ancestry.58 African American ancestry data came from the CFS, from 

which 233 OSA cases and 414 control subjects were reported.58 Unlike other 

candidate gene studies, the authors considered a broader spectrum of the genome 

(> 2000 genes) selecting candidate genes implicated in heart, lung, blood and not 

just sleep disorders. The SNP array was dense and gene centric using 20,544 SNPs 

in those with European ancestry and 26,482 SNPs in those with African-American 

ancestry. To correct for multiple testing the correlation structure between the 

SNPs were examined and a threshold of α = 2x10-6 used as evidence of statistical 

significance.  
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In European ancestry the rs1409986 SNP in the prostaglandin E2 receptor 

(PTGER3) gene was significantly associated with OSA.58 In African-American 

ancestry the rs11126184 SNP in the pleckstrin (PLEK) gene was associated with 

OSA and the rs7030789 SNP in the lysophosphatidic acid receptor 1 (LPAR1) gene 

was associated with AHI.58 The authors then sought to replicate these findings in 

independent samples. The association of OSA with rs1409986 was replicated in a 

sub-sample of European Caucasians from the Western Australian Sleep Health 

Study (WASHS).114 In African American ancestry 459 clinical cases of OSA from the 

Case Sleep Apnoea Study (CSAS) were compared with 551 presumed controls from 

the Case Transdisciplinary Research in Energetics and Cancer Colon Polyps Study 

(CTRECCPS). The findings with rs7030789 but not rs11126184 were replicated.58 

Patel et al58 were also able replicate the work reported in the CFS sample by Larkin 

et al,57 but only in the CRP locus, which did not replicate in the ARCS and FHS 

samples. 

This large candidate gene study by Patel et al58 was superior to previous 

research since it used larger cohorts and was able to examine many genes. 

However, since the scope of the study was not as broad as a GWAS and SNPs were 

gene centric the adjustment for multiple testing did not require as stringent a 

threshold for statistical significance. Unlike previous studies Patel et al58 accounted 

for population stratification. However in comparison to cross-cohort candidate 

gene studies, the sample size was modest which reduced the power of the study to 

identify small effect sizes. This approach also limited the authors to inference 

about previously reported loci. To consider novel loci requires a GWA study. 
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2.2.8.5 Genome wide association studies 

A GWA study of OSA has yet to be reported. However, GWA studies of obesity 

in recent years have yielded at least 32 loci which may be involved in human 

regulation of weight. These are discussed in section 2.3.2.  

2.3 Obesity 

Fat storage is a conserved evolutionary trait, allowing for survival during 

seasons with low food availability and human conditions with high caloric need, 

such as pregnancy and lactation.115 Obesity is a description of excess body fat 

mass: the result of too much energy intake and too little energy expenditure. In the 

last 30 years the proportion of obese persons has increased in most countries in 

the world such that in 2008, worldwide, an estimated 502 million adults were 

obese and 1.46 billion were overweight.116 In the Australian context, the 

2004 - 2005 National Health Survey by the Australian Bureau of Statistics reported 

that 7.4 million adults (54%) were either overweight or obese.117 Increases in the 

proportion of adults who were overweight or obese occurred in all age groups.117 

Physiological processes regulating human body weight regulation and 

pattern of deposition are under genetic control. Recent GWA studies have 

identified genes that are hypothesised to contribute to normal variation in weight 

control. These are discussed in detail in section 2.3.2. Molecular biological and 

physiological studies have provided substantial evidence for shared metabolic 

pathways for obesity and OSA (sections 2.3.2 through 2.3.5). As outlined in section 

2.2.8.4, candidate gene studies of OSA have investigated polymorphisms thought to 

regulate a number of body systems, but the genes highlighted by GWAS for 

suspected involvement in BMI and weight have yet to be examined for association 
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with OSA. Since genetic work is a new and emerging area there currently exists far 

greater depth of knowledge about phenotypes of OSA and obesity than of their 

genotypes. 

Body fat distribution is a commonly investigated phenotypic marker of 

cardiometabolic risk. Obesity represents a modifiable risk factor not only for OSA7, 

14-16, 33, 43-46, 48, 51 but for the metabolic syndrome, DM, cardiovascular disease, 

osteoarthritis, cancer, high blood pressure, high cholesterol, depression, polycystic 

ovary syndrome, non-alcoholic steatohepatitis and infertility.116 Yet not all obese 

people develop these conditions and variability in the pattern of human fat 

distribution is often implicated.118, 119 Fat located in the intra-abdominal cavity and 

surrounding the vital organs has been found to strongly predict insulin resistance 

and other cardiometabolic consequences.118 Such visceral fat is biochemically 

active and produces aberrations in normal human glucoregulation contributing to 

the metabolic syndrome and DM. OSA, which induces hypoxia and sleep 

fragmentation and sleep loss, exerts an additional negative influence on normal 

metabolism,120, 121 that is a precursor to obesity. However, total fat (visceral and 

subcutaneous) around the neck and abdomen is also hypothesised to exert a 

mechanical load on the upper airway which predisposes to airway obstruction 

during sleep. Evidence of the contribution of variability in fat deposition to the 

development and severity of OSA has been hampered by reliance upon BMI and 

surface anthropometry to characterise adiposity. Methods for characterising 

adiposity are outlined in section 2.3.1 and evidence that variation in fat deposition 

exerts mechanistic loading on the upper airway is discussed in section 2.3.4. 

However, genetics, metabolic control and the impact of total fat on 

physiology do not provide a complete understanding of obesity. There are 
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significant modifiable environmental factors which affect human body weight 

regulation. These have resulted from societal change in transport, work practices 

and lifestyle.50 Increased mechanisation of the work force has left many human 

operators as sedentary overseers.50, 122 Additionally, societal change has increased 

the supply and energy density of the food consumed by humans.50 In developing 

countries, obesity is most prevalent in middle-aged adults. In developed nations, 

where mean income is higher, the trend is evident in all socio-economic groups but 

those from lower socio-economic groups disproportionately so.50 In 2004, 54% of 

Australian adults were classified as overweight or obese.117 An estimated 60 - 90% 

of patients with OSA presenting at sleep clinics have BMI > 30kg/m217 and a 10% 

weight gain has reported to be associated with a six-fold increase in the risk of 

development of OSA.118 The role of sedentary lifestyle in the development of and 

severity of OSA is discussed in section 2.3.5.2. 

2.3.1 Measurement of adiposity  

There are many measures of obesity. These include surface anthropometric 

measurements which act as a proxy measure of fat, such as BMI, waist 

circumference, WHR and neck circumference. Other methods employ technology 

to quantify the proportion of fat in the body. These include MRI, CT and DXA. With 

respect to OSA, adiposity has been characterised using all the above technologies 

except DXA. Body mass index is the mostly widely used metric for obesity, but the 

least informative about fat mass. Dual-energy X-ray absorptiometry, CT and MRI all 

quantify total fat and can be used to inform on pattern of fat depositions in the 

body. Accurate adiposity measures may provide greater clinical epidemiologic 

utility since variability in the pattern of fat deposition has been an often postulated 
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theory for why obesity and OSA are frequent but inconsistent co-morbidities of 

one another. 

2.3.1.1 Body mass index 

Body mass index, due to its simplicity of measurement, is an internationally 

recognised and conventionally used index of obesity and is calculated as 

weight (kg) / height2 (m).117 Individuals are considered underweight if their BMI is 

< 18.5kg/m2, normal weight: 18.5 - 24.99 kg/m2, overweight: 25 - 29.99 kg/m2, 

obese: ≥ 30 kg/m2.123 Body mass index does not directly quantify fat mass but 

measures height adjusted total body mass. The BMI of heavily muscled individuals 

with little fat produces an index suggestive of increased fat. Central obesity can 

exist in people with normal BMI and this has been observed in individuals with 

OSA.14 BMI thresholds constant regardless of age, sex or ethnicity despite the fact 

that body proportions of fat, and risk factors arising from obesity are known to 

vary by these key covariates.123 Despite these limitations, clinical epidemiologic 

studies frequently control for the confounding influence of obesity on risk factors 

by using BMI.  

2.3.1.2 Waist circumference 

Waist circumference is an unadjusted proxy measure of android visceral 

adiposity with a high degree of accuracy in self-report.115 Waist circumference has 

been found to predict visceral adipose tissue124 however for a given waist 

circumference, the proportion of visceral adipose tissue increases with age.125 

2.3.1.3 Waist-to-hip ratio 

Analogous to the adjustment for height in BMI, WHR adjusts for variability in 

the size of a person using the assumption that waist circumference shows greater 
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increase than hip circumference during weight gain.115 A value of less than one 

indicates the waist is smaller than the hips; greater than one, the waist is larger 

than the hips. Unlike BMI, the ranges considered normal for WHR differ for men 

and women, with a healthy WHR of < 0.9 for men and < 0.8 for women, with > 1.0 

for men and > 0.85 for women indicating obesity.126 This measure does not 

account for variability in fat deposition. 

2.3.1.4 Neck circumference 

Increased neck circumference is correlated with OSA.127 Neck circumference 

is a measure of obesity that is primarily used in research studies and as a clinical 

description of OSA. Neck circumference is thought to be a proxy measure of fat 

surrounding and narrowing the airway, however muscle mass may also contribute 

to compressive effects. 

2.3.1.5 Computerised tomography 

Computerised tomography involves a high dose of ionizing radiation to 

measure the density of internal structures. It is the gold standard method for 

assessing body composition as it can distinguish between subcutaneous and 

visceral fat and has been used to accurately estimate fat in regions of the body in 

small samples of OSA.28 However, it is not generally used to provide estimates of 

total fat in the body due to the expense and radiation dose involved.128 Inability to 

fit obese individuals within the scanner gantry limits its applicability.128 Given this, 

CT has limited utility for measuring the effects of regional versus total body mass 

in obese populations. 
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2.3.1.6 Magnetic resonance imaging 

Magnetic resonance imaging is a lesser used modality for measuring body 

composition. It does not use ionising radiation but instead creates an image by 

applying powerful magnetic fields to produce nuclear magnetic resonance of atoms 

within the body which detectably change magnetic field gradients. As such, MRI 

can distinguish between subcutaneous and visceral fat. It is expensive and requires 

a high level of technical expertise to operate.128 Machines have a typical bore 

diameter of 60 cm, into which subjects must be placed, and therefore provide a 

challenge for the obese and/or claustrophobic.128 Imaging of obese individuals 

results in reduced image resolution, and longer scan times which increase the 

probability of motion artefacts.128  

2.3.1.7 Dual-energy X-ray absorptiometry 

Dual-energy X-ray absorptiometry is a non-invasive, easily tolerated method 

of measuring body composition.129 The scans utilise absorption data from two 

X-ray beams. In addition to estimates of bone density, DXA provides information 

on relative body fat and percentage of body fat. Percentage of body fat (PBF) is 

calculated as (total body fat(g) (TBF)/total mass(g)) x 100. The total radiation dose 

is less than 10% of the dose of a standard X-ray. Scanning requires individuals to 

lie supine for up to 20 minutes on the scanner bed. Scanners are usually limited to 

persons less than 1.8 m and 200 kg, however, the capacity of each model varies. It 

cannot distinguish between subcutaneous and visceral fat. Correlation between 

total fat volume measured by DXA and CT is high, particularly in people with 

greater abdominal fat.130 DXA-measured total fat volume has been found to predict 

visceral fat better than anthropometric measures in some studies131, 132 but not 

others.130, 133  
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Use of DXA to estimate regional fat, like the abdominal region, has been 

investigated within the context of metabolic risk factors, where proportion of 

visceral fat is important. Most,129, 134, 135 but not all studies136, 137 have concluded 

that DXA-measured abdominal fat is a better predictor of metabolic risk factors 

than surface anthropometric surrogate measurements like waist circumference 

and BMI. Therefore, DXA is a valid and accurate method for evaluation of fat 

distribution that is less expensive and safer to use than CT or MRI. However 

comparison between studies is limited by differences in beam configurations and 

technologies used which produce variation in absorptiometry data.138 

2.3.2 Genetic studies of adiposity 

Human variation in weight is under a high degree of genetic control.119 

Genetic factors have been estimated to account for 40 to 90% of population 

variation in BMI.139 Adoption studies have shown associations between the BMI of 

adoptees and their biological parents, and not their adopted parents.140 Obesity is a 

known risk factor for OSA and OSA exacerbates obesity (Figure 1.1). Therefore, 

susceptibility genes for OSA and obesity may be shared or obesity genes may be 

modulated in the environment of sleep disruption and/or nocturnal intermittent 

hypoxia. Obesity is estimated to explain approximately 40% of the genetic variance 

in sleep apnoea.141  

Since the development of GWA, a number of studies have revealed loci 

associated with BMI.142-148 The first obesity gene reported by GWA study was the 

fat mass and obesity-associated (FTO) gene, located on chromosome 16. This gene 

has SNPs located within a 47 kb region that are highly correlated and in strong 

linkage disequilibrium in white European populations,95 and of these SNPs, one 

(rs9939609) had high genotyping success.142 A genome-wide search for type 2 DM 
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susceptibility genes found an association between rs9939609 and type 2 DM 

which was mediated by BMI and was subsequently replicated in 13 other 

populations (n = 38,759).95, 142 An association at this locus has been found in 

paediatric through to geriatric populations which suggests influence on BMI 

throughout the lifespan. This loci appears to reflect increased fat mass, rather than 

other BMI-contributory factors like lean mass and height. 95, 142 

The FTO SNP rs9939609 was found to have an additive effect on obesity with 

the minor homozygote (AA), which has a frequency of approximately 18% among 

Europeans,95 conferring a 1.67-fold increase in the odds of obesity.142 It is 

unknown whether FTO demonstrates the same additive relationship in an OSA 

sample as seen in other obesity-prone disease cohorts (such as type 2 DM) and the 

general population. 

Since this initial finding numerous loci have been implicated as strong 

genetic risk factors for obesity in European Caucasian populations and these are 

summarised in Table 2.4. 

Whilst the FTO locus has consistently explained the greatest amount of 

variance in BMI, Speliotes et al146 reported that 32 loci account for 1.45% of the 

individual variance of BMI. The cumulative effect of having risk alleles for each 

variant was equivalent to an increase of 0.17 kg/m2 or 435 to 551 g in the adults 

aged 1.6 – 1.8 m in height. However, even with 32 SNPs, adjustment for allelic risk 

produced only a modest improvement in the prediction of obesity over a model 

with only age, age2 and sex.  
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Table 2.4: Summary of body mass index- or body weight-associated single nucleotide polymorphisms identified by genome wide association studies in 
European samples. 

Chr Nearest 
gene 

SNP Reference  Chr Nearest 
gene 

SNP Reference  Chr Nearest 
gene 

SNP Reference 

1 PTBP2 rs1555543 146  8 MRSA rs7826222 147  16 FTO rs8050136 143 
 TNNI3K rs1514175 146  9 LRRN6C rs10968579 146    rs3751812 143 

 LYPLAL1 rs2605100 147  10 PTER rs10508503 145    rs7190492 143 
 NEGR1 rs3101336 143  11 LRG4, 

LIN7C, 
BDNF 

rs4074134 143    rs7190492 143 
  rs2815752 144, 146   rs4923461 143    rs8044769 143 
  rs2568958 135, 136   rs10767664 146    rs1558902 146 
 SEC16B rs10913469 143    rs10501087 143    rs1421085 145 
  rs543874 146    rs10835211 143    rs9939609 142, 144 

2 RBJ rs713586 146   MTCH2 rs3817334 146    rs6499640 143 
 FANCL rs887912 146    rs10838738 144    rs9930506 148 
 LRP1B rs2890652 146   RPL27A rs4929949 146    rs1121980 144 
 TMEM18 rs2867125 143   BDNF-AS rs925946 143   MAF rs1424233 145 
  rs4854344 143    rs6265 143  18 NPC1 rs1805081 145 
  rs7561317 143  12 FAIM2 rs7138803 143, 146   MCR4 rs12970134 143 
  rs6548238 144   BCDIN3D rs7138803 143, 146, 149    rs633265 143 

3 ETV5 rs9816226 146  13 MTIF3 rs4771122 146    rs571312 146 
  rs7647305 143  14 NRXN3 rs10150332 146    rs1350341 143 
 CADM2 rs13078807 146   PRKD1 rs11847697 146    rs17782313 144, 145, 150 

4 GNPDA2 rs10938397 144, 146  15 MAP2K5 rs2241423 146    rs12970134 143 
 SLC39A8 rs13107325 146  16 GPRC5B rs12444979 1461   PRL rs4712652 145 

5 FLJ35779 rs2112347 146   SH2B1, 
ATP2A1 

rs8049439 143  19 KCTD15 rs29941 146 
 ZNF608 rs4836133 146   rs4788102 143    rs11084753 144 

6 NUDT3 
NCR3, 
AIF1, 
BAT2 

rs206936 146    rs7359397 146   QPCTL rs2287019 146 
 rs2260000 143    rs7498665 143, 144   TMEM160 rs3810291 146 
 rs2844479 143    rs9931989 143      
 rs1077393 143           
 TFAP2B rs987237 146, 147           



CHAPTER 2: LITERATURE REVIEW 

~ 41 ~ 
 

Results from a GWA study in 2010 suggest that body fat distribution, as 

measured by WHR, is influenced by genetic loci that are distinct from those that 

influence BMI.151 In total, 14 loci were observed to explain 1.03% of the variation 

in WHR after adjustment for BMI, however, in women this estimate was 1.34% and 

in men only 0.46%. In 2012 a GWA of subcutaneous and visceral fat from CT of 

abdominal adipose depots revealed a visceral adiposity associated SNP, but only in 

women.152 

Notably, there has been no investigation of the association between OSA and 

the ‘obesity’ SNPs identified in recent GWAS. ‘Obesity’ genes are likely to be 

involved in the pathogenesis of OSA, which has multiple predisposing 

‘intermediate phenotypes’ such as craniofacial structure, upper airway soft tissues, 

neural control of the upper airway and body fat distribution. Each intermediate 

phenotype may have multiple genetic determinants, which may interact with one 

another, or require a sympathetic environment, such as obesity, in order to 

produce the clinical endpoint of OSA.17, 55, 153, 154 Genetic studies may further 

elucidate the molecular pathways involved in OSA pathogenesis and overlap with 

pathways that mediate obesity.  

Although studies examining the shared genetic factors of OSA and obesity are 

yet to be undertaken, there have been metabolic, physiological and epidemiological 

studies of the relationship between OSA and obesity. Many studies have 

concentrated on the metabolic impacts of OSA and obesity (section 2.3.3). Others 

have studied the physical role that obesity plays in upper airway patency (section 

2.3.4). Epidemiological studies have examined the role of physical activity in OSA  

(section 2.3.5). 
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2.3.3 Metabolic homeostasis, obesity and obstructive sleep apnoea 

OSA exerts influences on metabolic homeostasis that are independent of 

obesity. The WSCS found a 2-fold increase in the risk of DM in individuals with 

OSA155 and OSA is extremely prevalent amongst diabetic subjects.121 Metabolic 

syndrome is the co-occurrence of risk factors for cardiovascular disease and type 2 

DM and is characterised by elevated plasma triglycerides, HDL cholesterol, plasma 

glucose, blood pressure and waist circumference.32 Population based samples and 

case-control studies have demonstrated an association between severity of OSA 

and both insulin resistance and glucose metabolism,7-10, 156 even after controlling 

for obesity. Ip et al53 found that OSA was independently associated with insulin 

resistance and observed an increase in insulin resistance of 0.5% per unit increase 

in AHI. These data suggest that OSA exerts metabolic effects that are not explained 

by the usual culprit, excessive visceral adiposity.  

OSA generally results in sleep fragmentation and sleep loss due to arousa ls. 

Sleep loss and poor sleep quality can adversely affect glucose metabolism.120, 121 

Diabetes and glucose intolerance have been associated with short or long sleep 

duration or poorer sleep quality.120, 121, 157, 158 Sleep loss changes the regulation of 

food intake and appetite.120 Leptin, along with insulin, is released in proportion to 

the amount of body fat and regulates energy intake and expenditure. Ghrelin exerts 

an influence on appetite. Sleep deprivation results in decreased levels of leptin and 

increased levels of ghrelin159 and consequently an increase in appetite for high 

caloric density carbohydrates and decreased energy expenditure.120 

OSA results in a reduction in slow wave sleep (SWS). The initiation of SWS 

coincides with hormonal changes that affect glucose regulation, namely the release 

of growth hormone and the suppression of cortisol, suggesting that SWS has a 
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restorative role for metabolic function.120, 160, 161 Three night suppression of SWS 

showed decreased insulin sensitivity that was comparable to a difference in body 

weight of 8 to 13 kg.161 The decrease in insulin sensitivity was not compensated for 

by an increase in insulin secretion, suggesting reduced SWS results in abnormal 

glucose metabolism. An inverse relationship between BMI and SWS has been 

observed.160  

Slow wave sleep deprivation been shown to increase levels of cortisol and 

sympathetic nervous system activity in the morning.161 Sympathetic activation 

occurs during an obstructive apnoea and resolves after the termination of the 

event.7 In OSA, sympathetic hyperactivity has been correlated with severity of 

hypoxia,121 however other factors associated with OSA, such as hypercapnia and 

recurrent arousals, also increase sympathetic neural traffic which influence 

glucose homeostasis by increasing gluconeogenesis and the breakdown of 

glycogen.7 The sleep fragmentation and loss of sleep resulting from OSA may also 

affect the hypothalamic-pituitary-adrenal axis. Increased evening cortisol has 

adverse effects on serum glucose, insulin levels and insulin secretion rate.7, 121 

Therefore OSA-induced sleep loss and fragmentation can predispose to obesity and 

glucose dysregulation and a reduction of SWS may have a direct effect on glucose 

metabolism.  

The effect of treatment of OSA by continuous positive airway pressure 

(CPAP) on insulin sensitivity has been investigated using inadequate study designs 

such as small sample sizes, very short periods of time from baseline to follow up 

and less than optimal methods for measuring insulin resistance.7 Therefore the 

apparent inconsistency in peer review literature - that some studies report 

improvements in insulin sensitivity following treatment by CPAP and others do not 
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- is likely reflecting methodological shortcomings rather than a comment on CPAP 

treatment and glucose metabolism in those with OSA. However, Harsch et al162 

used an appropriately rigorous study design to answer this hypothesis: 40 patients 

were followed up for 3 months treatment with CPAP and insulin resistance was 

measured using gold standard methodology. This study showed that CPAP therapy 

increased insulin sensitivity. Non-obese individuals experienced more rapid 

improvement in insulin sensitivity, but overall there was no significant change in 

BMI among subjects. This would suggest that OSA has a specific effect upon insulin 

resistance that is additional to the effect exerted by obesity.  

OSA results in recurrent cyclical intermittent hypoxia and re-oxygenation, 

which may trigger the formation of reactive oxygen species (ROS). Intermittent 

hypoxia in awake humans leads to increased production of ROS and cell death.121 

Intermittent hypoxia leads to a preferential activation of inflammatory pathways 

with the downstream consequence of expression of pro-inflammatory cytokines, 

chemokines and adhesion molecules that may contribute to endothelial 

dysfunction.163, 164 Adipose tissue hypoxia and oxidative stress have been 

implicated in glucose dysregulation121 and intermittent hypoxia, as a surrogate 

marker for OSA, has been associated with metabolic syndrome and its 

components.7, 121, 165  

Evidence from human studies of altitude hypoxia and mouse models of 

intermittent hypoxia suggest that serum leptin increases in response to hypoxia.7 

Leptin affects glucose homeostasis through the hypothalamus and regulates 

insulin secretion in the pancreas and peripherally. Studies have shown that 

individuals with OSA have higher leptin levels, which decrease with treatment by 

CPAP.7, 166 Therefore OSA provides an environment of nocturnal intermittent 
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hypoxia which could lead to obesity, metabolic syndrome and DM through 

dysregulation of glucose metabolism. 

2.3.4 Obesity mediated mechanisms of upper airway collapsibility 

Obesity produces respiratory problems during wakefulness, such as reduced 

lung volume, reduced exercise capacity, hypoxia and hypoventilation,118 all of 

which are exacerbated during sleep. During sleep the compressive effect of fat 

upon the upper airway manifests as protective pharyngeal dilator muscle activity 

diminishes. 

2.3.4.1 Direct compression of the airway from neck fat 

There is evidence to suggest that fat in the peripharyngeal area of the neck 

can directly compress the upper airway.24, 167 This changes the mechanical load on 

the airway and narrows the geometry leading to an increased propensity for upper 

airway collapse. Individuals with OSA are often characterised as having thick 

necks.26, 36 Increased neck circumference has often been attributed to increased 

adipose tissue in the neck without corroboration by direct measurement.26 The 

male preponderance of OSA is thought to be related to  centrally deposited neck fat 

and its direct compressive effect on the airway.  

Magnetic resonance image-based studies have been conducted using 

male-biased case-control designs with relatively small sample sizes.21-23, 29 Some 

studies have found an association between size of peripharyngeal fat pads and the 

presence of OSA using MRI studies of men21, 22; however, this finding has not been 

universally replicated.29 Studies which included women, albeit in small numbers, 

found fat-pad thickness to be slightly higher in those with OSA,22, 23 however these 

studies had insufficient power to consider the influence of sex on fat-pad thickness. 
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These findings conflict with those from a sophisticated mixed-sex case-control 

analysis of the upper airway using volumetric MRI by Schwab et al, in which 

adjustment for visceral fat in the neck failed to account for differences between 

soft tissue structure volumes in cases and control subjects.27 Although based on 

greater case numbers than in previous MRI studies using sex- and 

ethnicity-matched control subjects, the Schwab study did not investigate whether 

there were sex-based differences in the association between fat distribution and 

presence of OSA.27  

2.3.4.2 Indirect effects of abdominal fat 

The role of abdominal fat in upper airway instability is increasingly 

recognised: recumbent abdominal obesity is likely to be associated with increased 

cranial displacement of the diaphragm, decreasing longitudinal tracheal traction 

and increasing propensity for upper airway collapse.168 Accumulation of fat in the 

chest wall (abdominal and thoracic) also decreases functional residual capacity, 

particularly when the individual is recumbent and asleep, increasing intrathoracic 

pressure and thereby extramural tissue pressure at the thoracic inlet, further 

increasing upper airway collapsibility.169 

Computer tomography-derived visceral adipose tissue in the abdomen has 

been found to correlate with AHI,28 a finding replicated in a nuclear MRI study of 

60 men.28 The MRI study, unlike the CT study, also measured subcutaneous neck 

fat and peripharyngeal fat in the airway and concluded that fat accumulation in the 

neck was not associated with OSA severity in men.29  
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2.3.4.3 Sex differences in fat deposition 

The reduced prevalence and severity of OSA in women is likely to be a 

consequence of a more favourable pattern of distribution of excess fat. Specifically, 

women tend to distribute fat peripherally around the hips, buttocks, and thighs, 

whereas men tend to distribute excess fat more centrally on the abdomen and 

neck.170 As a result, although women have proportionally greater fat mass than 

men, they may have less mechanical loading on their upper airway.170 The 

increased prevalence of OSA in women post-menopause supports this theory since 

menopause results in greater central fat deposition.84, 171 Sex differences have not 

been properly accounted for in studies that examine the effect of regional fat 

deposition on OSA. Since fat distribution is highly modified by sex all research 

investigating this hypothesis are limited if they do not adjust for or stratify 

analyses by sex. 

2.3.5 Epidemiological studies of body weight change and obstructive 

sleep apnoea 

Australian data suggests that the upward trend in BMI is reflected in a 

concomitant increase in the severity of AHI during diagnostic PSG.52 Longitudinal 

data from the WSCS, a prospective population based cohort of adults aged 30 to 60 

years, found a 10% weight gain was associated with a 32% increase in AHI. 

Conversely, a 10% weight loss was associated with a 26% decrease in AHI.14 This 

finding was supported by the findings from a longitudinal cohort study of the 

cardiovascular consequences of sleep apnoea which noted a stronger association 

between weight and OSA severity for men than women.91  
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Studies on patients pre- and post-gastric banding surgery have provided 

good data to examine the effect of weight change on OSA since the magnitude of 

weight loss is typically large. Dietary and exercise studies typically product weight 

change in the magnitude of 3% of body weight172. In comparison, in a group of 25 

obese men and women with OSA, the mean weight loss at 18 months post-gastric 

banding surgery was 45 kg (mean total weight at baseline was 154 kg).173 This 

study observed significant modulation of OSA with reduced snoring and observed 

apnoeas, reduced daytime sleepiness and increased sleep quality on self-report.174  

Mean AHI was observed to be severe pre-surgery but moderate post-surgery.173 

Mean Epworth Sleepiness Score (ESS) was high pre-surgery and normal post-

surgery. Following surgery, sleep architecture was more normal with increased 

REM and SWS. Waist circumference, fasting glucose and triglycerides, and insulin 

all improved such that the percentage with metabolic syndrome fell from 80% to 

12%.  

A randomised controlled trial comparing bariatric surgery versus a diet 

restriction protocol in 60 patients with OSA and a BMI between 35 and 55 kg/m2 

concluded that bariatric surgery induced a greater weight loss but not a 

statistically greater reduction in AHI172. The bariatric surgery group had better 

outcomes than the dietary restriction group at the 2 year follow up for plasma 

glucose levels, triglycerides and proportion with metabolic syndrome.172 Whether 

these differences were related to the magnitude or the method remain 

unanswered, however, the study suggests strongly that weight loss, either by 

bariatric surgery or conventional diet restriction, results in improvement of AHI 

but that there is great variability at the individual level. However, dietary intake is 
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not the only factor involved in obesity and OSA: a lack of physical activity also 

contributes. 

2.3.5.1  Physical activity is associated with obstructive sleep apnoea 

General population data suggest that lack of physical exercise is associated 

with obstructed breathing events during sleep, even after controlling for BMI.175 

Physical activity intervention programs in obese individuals with OSA have 

produced weight loss in the magnitude of 13 kg with a 25% decrease in AHI.176  

Adequate recreational exercise is defined by Australian and American 

national guidelines as moderate intensity physical activity for at least 150 minutes 

each week.177, 178 Two large community-based cross-sectional studies of OSA have 

reported lower odds of moderate-severe OSA in those with high exercise levels.175, 

179 The SHHS estimated exercise using a variety of questionnaire-based tools and 

determined that three hours of moderately vigorous or vigorous physical activity 

per week was associated with an adjusted OR of 0.80 (95% CI 0.66-0.96) for 

moderate to severe OSA.179 In the WSCS, hours of weekly exercise have been 

measured but with no record of intensity.175 When nil exercise was used as the 

baseline there was progressive reduction in odds of moderate-severe OSA, 

however, the ORs were not significant after adjustment for BMI. Longitudinal data 

from the WSCS suggest reduced incidence of OSA in those who exercise.19 These 

studies suggest that exercise may be a modifiable factor that reduces risk of OSA.  

Literature examining the impact of physical activity on obesity and obesity 

related disease have measured physical activity in a number of ways 

(questionnaire, activity diaries, actigraphy) then dichotomised the measure during 

analysis into adequate and inadequate recommended physical activity.122 

However, recent findings suggest that other activity thresholds may be useful 



CHAPTER 2: LITERATURE REVIEW 

 

~ 50 ~ 
 

determinants of health.122 Specifically, sedentariness or physical inactivity, 

independent of exercise, may be an important contributor to cardiometabolic 

risk.122 The impact of physical inactivity on the development and severity of OSA 

has not yet been considered. 

2.3.5.2 Physical inactivity influences metabolic homeostasis independent of 

obesity 

Sedentariness by definition means the quality of or condition of being 

accustomed or addicted to sitting still, engaging in sedentary pursuits and not in 

the habit of physical exercise.180 Sedentariness has become a state of the human 

condition due to workforce and technology changes.50, 122 With the advent of 

industry and technology, the average human being spends significantly more time 

sitting, which requires very low levels of energy expenditure (1.0 to 1.5 METs, 

multiples of the basal metabolic rate).30  

The sitting posture does not engage the large skeletal muscles of the legs, 

back and trunk.32 It has been postulated that lipoprotein metabolism and other 

metabolic processes are adversely affected when humans spend a large proportion 

of time sedentary, with normal metabolism requiring local contractile activity of 

the skeletal muscles.32 Further, where sedentary activity characterises the day, 

simply following recommended physical activity guidelines is probably insufficient 

to reverse this relationship.32, 122, 181 Thus, sedentariness, described as time spent 

in activities ranging 1.0 to 1.5 METs is an emergent area of research. There is 

significant evidence from epidemiological studies using proxy measures of 

recreational or occupational behaviour which suggests that sedentariness, rather 

than insufficient exercise, may be causative in obesity related metabolic precursors 

of chronic diseases.122, 182 
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Given that metabolic risk factors correlate with OSA,7-9, 53, 155, 162, 166, 183 OSA is 

a likely candidate state where sedentary behaviour may correlate with disease 

severity. Only one community sample of OSA has quantified nil exercise as 

separate from low levels of exercise.175 Using nil exercise as baseline there was 

progressive reduction in odds of moderate-severe OSA across low, moderate and 

vigorous exercise categories. Further studies examining inactive behaviour as a 

separate factor from low, moderate, and vigorous levels of activity are warranted 

to determine whether there is a relationship between sedentariness and OSA. 

There are two main facets of life where sedentary behaviour may be common or 

enforced, namely, recreation time and occupation. Whilst occupations can involve 

long periods of sitting, recreation time is often characterised by sedentary 

behaviours such as television (TV) watching time and computer time. 

Measurement of self-reported TV watching time in large epidemiological cohorts 

has yielded some interesting conclusions about sedentary behaviour and 

cardiometabolic risk.122 

Time spent watching television as a measurement of recreational physical inactivity 

Recreation time can be defined as time not spent in a working occupation 

and which is discretionary in nature. Technology has resulted in a decrease in the 

time spent in occupational and household-related activities. Men and women 

experience on average 7.9 and 6.0 more hours per week of recreational time than 

50 years ago, with greatest increase experienced in those where secondary 

education represents the highest level of educational attainment.184 During this 

period sedentary recreational activities like TV viewing, computer and games 

console use and automobile use have increased such that 60% of waking hours are 

spent sedentary.181 Epidemiological studies have parameterised self-reported TV 
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watching time in questionnaires as a proxy time measure of recreational sedentary 

behaviour. 

In a population based sample (n = 11,000) without known DM, time spent 

watching TV had a dose response relationship with abnormal glucose metabolism 

and metabolic syndrome,122 even after controlling for recreational physical 

exercise and waist circumference. Conclusions from longitudinal studies are mixed 

with some finding time spent watching TV related to adverse changes in diastolic 

blood pressure and cardiometabolic risk (blood pressure, plasma glucose indices, 

triglycerides and HDL cholesterol), but others finding no associations.181 In a 6.5 

year follow-up of a large population-based longitudinal study, individuals who 

watched ≥ 4 hours of television per day had an 80% increase in cardiovascular 

disease mortality in comparison with those who watched ≤ 2 hours of television 

per day.185 This finding remained even after controlling for smoking, blood 

pressure, cholesterol level, waist circumference, and recreational physical activity. 

Further, the relationship between cardiometabolic risk factors and time spent 

watching TV has been observed in adults who engage in the recommended level of 

physical activity.122 This suggests that physical exercise may not protect against 

adverse metabolic effects where there is the coexistence of lengthy recreational 

sedentary behaviour. Time spent sitting in automobiles, another measurement of 

sedentary behaviour, has also been suggested to contribute to cardiovascular 

disease mortality.122 There would therefore plausibly be a relationship, which is 

independent of recreational physical exercise and obesity, between metabolic 

indices in those whose occupation dictates sedentary behaviour.  
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Occupation as a source of sedentary behaviour 

Technological change since the 1960s has reduced the energy expenditure 

required in the workplace. In 1960 almost half of all workers undertook moderate 

intensity physical activity as part of their occupation.186 In recent years this is 

estimated to be less than 20%.186 Although TV watching time could contribute to 

sedentary behaviour and increase cardiometabolic risk, occupational physical 

activity is also a good potential method for examining this relationship. In 

Australia, the working week occupies on average 40 hours spent over 5 days and 

therefore has a significant impact on total caloric expenditure during the day. 

Church et al186 used nationally representative data sources from the United States 

(US) population to examine occupational physical activity and concluded that 

between 1960 and 2006 occupation-related daily energy expenditure decreased by 

142 calories. Using an energy balance model this reduction predicted a weight 

increase of 12.8 kg in 40 to 50 year old men, just 2.1 kg lower than the observed 

mean increase in weight observed in that age group in the US population during 

the same period. This suggests that occupational sedentariness may play a role in 

the increased prevalence of obesity.  

Daily occupational physical activity can be inferred using the US Department 

of Labor’s Dictionary of Occupational Titles, which is a comprehensive freely 

available resource that incorporates a Physical Demands-Strength Rating.187 The 

rating comprises five categories (sedentary, light, medium, heavy, very heavy) and 

is assigned by occupational analysts to reflect the overall strength requirement of 

an occupation. Categories are assigned based on the activities of standing, walking, 

sitting, lifting, carrying, pushing, pulling and manipulation of controls. This 

resource is particularly useful where only the job title is known. 
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Long-term occupational sedentariness has been associated with colorectal 

cancer,182 however, there is paucity within the literature about its effect on 

cardiometabolic risk factors and, particularly, OSA. Only one study has reported on 

data relating occupation to hospitalisation for OSA. The hypothesis of this study 

was not related to activity levels within occupation groups, however aggregate 

data presented in tables suggested that, in men only, occupations with high 

physical demand (e.g. farmers, gardeners, wood workers, painter/decorators) had 

lower standardised incidence ratios of hospitalisation for OSA. Conversely, again in 

men, only some low demand occupations (e.g. administrator/manager, sales 

agents, shop assistants, drivers) had higher standardised incidence ratios of 

hospitalisation for OSA. Thus, occupation may capture an important component of 

sedentary behaviour which may plausibly be related to the development of OSA. 

This line of research enquiry has not previously been considered. 

2.4 Epidemiological samples 

The studies outlined in this thesis have used data from two research 

resources in Western Australia: the WASHS and the BHS. Key attributes of these 

two resources are summarised below: 

2.4.1 Western Australian Sleep Health Study 

The WASHS comprises a large case-series of patients who have attended the 

WASDRI.114 The WASDRI is based in Perth at the Sir Charles Gairdner Hospital. It is 

the largest public sleep clinic servicing the state of Western Australia and therefore 

the catchment region for this clinic is not just metropolitan Perth, but the Western 

Australian community. The WASHS case-series was prospectively collected 
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between 2005 and 2010.114 Data for overnight laboratory-based PSG; 

questionnaire based health, family history and lifestyle information; blood derived 

data; and genotypes have been collected.114 The case-series is predominantly of 

European Australian ethnicity.114 OSAHS is the major clinical diagnosis, which is 

determined following PSG and clinical review by a sleep physician.114 

2.4.2 Busselton Health Study 

The BHS is an epidemiological research program which has surveyed the 

residents of the town of Busselton in Western Australia since 1966.188 Busselton is 

located 230 kilometres south of Perth with a stable population of 32,000 people. 

Although the BHS has longitudinal datasets, the data used in this thesis comprises 

cross-sectional data from the 1994-1995 study and the 2005-2007 study. 

Participants were randomly selected from the electoral roll in the shire to ensure a 

representative community sample rather than for the over-selection of any specific 

exposures. It is by this respect that the BHS has been used as a representation of an 

Australian community sample to explore health indicators. 

In the studies outlined in this thesis the BHS has been used as a community 

sample of controls which are representative of the source population of the cases. 

The use of BHS in this manner is opportunistic since it was not designed for this 

purpose. Nevertheless, the BHS comprises many questionnaire items which were 

identical to and collected in the same manner as in the WASHS. Similarly, a subset 

of 793 BHS participants in the 2005 - 2007 survey were characterised by overnight 

portable monitoring device. The Busselton population is a subset of the catchment 

region of the WASHS. The Busselton community is subject to the same justice, 

health and education system as the source population of the cases in Western 
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Australia. Data from the 2006 Australian Bureau of Statistics would indicate that 

Busselton was very representative of Western Australia in terms of sex and age 

distribution (Table 2.5). In 2006 Busselton had a slightly higher representation of 

married and Australian-born adults (Table 2.5), more part-time workers and a 

greater proportion of technicians and trade workers, and labourers (Table 2.6). 

Overall, the Busselton community was mostly representative of the total Western 

Australian population, however, the use of this sample comes with the caveat that 

there may be minor underlying differences in the distribution of occupations. 
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Table 2.5: Australian Bureau of Statistics 2006 census Quickstats data for sex, age, country 
of birth, and marital status for residents of Busselton and Western Australia 

 Busselton Western Australia 

 N % N % 

Sex     

Males 12,501 49.3 976,122 49.8 

Females 12,854 50.7 982,966 50.2 

Age (years)     

0 - 4 1,660 6.5 124,812 6.4 

5 - 14 3,889 15.3 271,622 13.9 

15 – 24 2,823 11.1 276,012 14.1 

25 – 54 10,300 40.6 837,776 42.8 

55 – 64 2,804 11.1 213,308 10.9 

≥ 65 3,878 15.3 235,556 12.0 

Country of birth     

Australia 19,971 78.8 1,279,224 65.3 

Other 5,384 21.2 679,864 34.7 

Marital status     

Married 10,875 54.9 774,028 49.5 

Never married 5,490 27.7 526,894 33.7 

Separated / divorced 2,229 11.3 181,771 11.6 

Widowed 1,211 6.1 79,960 5.1 

Data available from http://www.abs.gov.au 
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Table 2.6: Australian Bureau of Statistics 2006 census Quickstats data for labour force and 
occupation. 

 Busselton Western Australia 

 N % N % 

Labour force     

Employed full-time 6,741 55.4 593,673 61.0 

Employed part-time 4,050 33.3 275,948 28.4 

Employed but on leave 644 5.3 40,002 4.1 

Employed but hours not stated 316 2.6 26,506 2.7 

Unemployed 413 3.4 36,662 3.8 

Occupation *     

Technicians & trades workers 2,222 18.9 153,566 16.4 

Labourers 1,803 15.3 102,021 10.9 

Managers 1,719 14.6 117,030 12.5 

Professionals 1,525 13.0 173,956 18.6 

Clerical & administrative workers 1,338 11.4 135,980 14.5 

Sales workers 1,289 11.0 88,083 9.4 

Community & personal service workers 976 8.3 82,915 8.9 

Machinery operators & drivers 703 6.0 67,895 7.3 

% of employed persons ≥15 years; * does not equal 100% due to non-response, which was 
1.5% of answers in both regions. Data available from http://www.abs.gov.au 
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2.5 Summary 

The preceding review of the literature highlights four key areas of 

incomplete knowledge that will be addressed by the studies in this thesis, all of 

which relate to improving our understanding of the relationship between obesity 

and OSA: 

1. Undiagnosed OSA is prevalent. This presents methodological 

considerations that have been largely overlooked in previous research 

studies that have used samples from the community to compare with 

OSA cases. Development of methods to deal with this issue would 

enrich study designs.  

2. Most genetic studies of OSA have considered candidate genes with a 

known metabolic role, but these studies have been underpowered. 

More recent publications have used large sample sizes to examine 

very large numbers of loci elucidating a few SNPs associated with OSA 

and AHI, however there are likely many more that remain 

undiscovered. High throughput technology has aided the development 

of the GWAS, which allows discovery of SNPs without prior hypothesis 

of biological plausibility. This method has been successful in 

identifying obesity-associated loci. There exists a substantial body of 

research examining the co-association of OSA and obesity on 

metabolic homeostasis. Despite this, obesity-associated SNPs have 

never been examined in individuals with OSA.  

3. Fat distribution, which can be considered a phenotypic marker of 

variation in metabolic homeostasis, is hypothesised to exert an 

influence on OSA severity. Excess fat distribution in the neck, or the 
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abdomen, has been examined in multiple publications, although this 

area of research has been limited by small study design, inadequate 

consideration of the effect of sex on fat distribution and reliance upon 

anthropometric measures like BMI and WHR. Where studies have 

measured adiposity, using CT or MRI, they have considered fat 

distribution in either the abdominal or neck area and were not able to 

consider the fat distribution in comparison with total body fat. Dual-

energy X-ray absorptiometry represents a methodology for fat 

distribution and total adiposity.  

4. Epidemiological evidence of the environmental factors that are shared 

with OSA and obesity suggest that exercise activity reduces the 

incidence of OSA. Analysis of activity in occupation represents another 

method to examine the relationship between activity, OSA and 

obesity; however, this has never been reported in peer-reviewed 

research. 

 



 

 
 

3 High prevalence of undiagnosed obstructive sleep 

apnoea in the general population and methods for 

screening for representative controls 

3.1 Foreword 

This chapter addresses a methodological consideration that is present in 

case-control studies where OSA cases are compared with community controls. In 

précis, the proportion of undiagnosed OSA within the community is often 

unquantified but may be significant. The effect of this would be to mask true 

differences between cases and controls in statistical testing. Polysomnography 

requires significant resources therefore questionnaire-based methods represent a 

potentially useful method for identifying undiagnosed OSA in community samples. 

Accordingly, the purpose of this study was to: i) quantify the age-standardised 

prevalence of undiagnosed OSA in a general community sample; and ii) obtain a 

control sample that was representative of the case source population but did not 

have undiagnosed moderate to severe OSA. The outcome of this chapter 

contributed to the analytic strategy used for characterising control samples in 

chapters 4 and 6. The candidate was not involved in the design of the study or the 

collection of the data. Sections of this chapter have been published in Sleep and 

Breathing.189 



CHAPTER 3: PREVALENCE OF UNDIAGNOSED OSA & METHODS FOR SCREENING CONTROLS 

 

~ 62 ~ 
 

3.2 Abstract 

Study objectives: Undiagnosed OSA in the community makes comparisons of OSA 

subjects with control samples from the general population problematic. This study 

aims to: i) estimate undiagnosed moderate to severe OSA in a general population 

sample; and ii) determine the capacity of questions from the BQ to identify 

subjects without diagnosed OSA of this severity.  

Design: A cross-sectional analysis of a community cohort. 

Participants: A sub-sample (n = 793) of the 2005-2007 BHS survey in whom there 

was no prior history of OSA. 

Measurement and main results: Case and control status for moderate-severe OSA 

were determined by home-based nasal flow and oximetry derived AHI using a cut-

off value of ≥ 15 events/hour to define cases. The diagnostic accuracy of the 

complete BQ and its component questions in identifying cases was assessed by 

calculating sensitivity, specificity, PPV, NPV, positive and negative likelihood ratio s 

and post-test probabilities. The age-standardised prevalence estimate of 

undiagnosed moderate-severe OSA was 9.1% (12.4% in men, 5.7% in women). 

Sensitivity of the BQ in this population was 54% and specificity 70%. A 

combination of questions regarding snoring frequency and hypertension provided 

maximal post-test probability of OSA and greatest post-screen sample size.  

Conclusions: Undiagnosed OSA is highly prevalent in the Western Australian 

general population. While the complete BQ is a suboptimal screening instrument 

for the general population, snoring frequency or hypertension can be used to 

screen out moderate-severe OSA from general population samples with limited 

reduction in sample size. As there are few general population samples available for 
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epidemiological or genetic studies of OSA and its associated phenotypes, these 

results may usefully inform future case-control studies. 

3.3 Introduction 

Moderate or severe OSA (AHI ≥ 15 events/h) is estimated to be prevalent in 

7% of middle aged adults.41 The gold standard methodology for diagnosis of OSA, 

laboratory-based PSG, is a common method for determining case and control 

status with respect to OSA. However, PSG is logistically difficult and expensive to 

perform in large samples.190 For this reason portable monitoring and 

questionnaires are also used within the research environment to characterise OSA 

cases and controls.78, 80, 191 Case-control studies do not require the complete 

absence of the disease in the controls to properly interpret the findings; they 

simply require the control sample to be representative of the source population of 

the cases.62 Yet control samples with substantial undiagnosed OSA would bias 

conclusions toward the null hypothesis. The extent of undiagnosed OSA in the 

general population has been estimated in previous decades to represent 5% of 

adults.2, 33, 34 Given this high prevalence, a simple method that allowed the control 

group to be refined to one with lower OSA prevalence without undue reduction in 

sample size could benefit future case-control studies.  

Questionnaires offer simplicity and have been widely used to screen for 

OSA.77 The BQ has been used extensively within hospital and primary care to 

identify probable cases of OSA.79, 192, 193 It has also been used on the general 

population to identify probable controls with a low risk of OSA.80, 191 It captures a 

self-report of three symptom based categories of OSA risk: 1) history of snoring or 

breathing pauses; 2) daytime tiredness, fatigue and driving risk; and 3) 
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hypertension or obesity. High risk of OSA is attributed to anyone with persistent 

and frequent symptoms in two of these three categories.78 Validation of the 

screening properties of the BQ in primary care,78 hospital,193, 194 sleep clinic,192 and 

general population samples195, 196 have found the instrument varies by population 

with sensitivities ranging 37 - 86% and specificity 43 - 95%.195 Notably, 

performance within a general population construct was suboptimal.195, 196 

Missing data may be one reason why the BQ performs poorly in a general 

population. In the one validation study of the BQ using a Norwegian general 

population sample, non-response was classified by default as ‘low risk’ within the 

category.195 Using this logic, cases were identified by confirmation of the presence 

of symptoms only. In comparison, probable controls were identified by 

confirmative absence of symptoms or by non-response. When non-response is high 

using the scale in this manner introduces bias, which is minimal to the post-test 

probability of ‘high risk’ of OSA by BQ but would be of greater importance in the 

post-test probability of being ‘low risk’ of OSA. Therefore, if the BQ were to be used 

within a general population for the purpose of predicting OSA controls, as opposed 

to OSA cases, then individual questions rather than high and low risk 

classifications, may prove more discriminatory. These considerations are 

important in the optimal design and interpretation of case-control epidemiological 

and genetic studies of OSA. This is particularly so given the general lack of 

availability of ‘control’ samples that have been objectively screened for OSA using 

PSG. 
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Accordingly, this study had three aims: i), to estimate the prevalence of 

undiagnosed moderate-severe OSA in an Australian general population using 

overnight nasal airflow data from the single-channel portable monitoring device 

with an AHI cut-off of ≥15 events/h; ii), to evaluate the capacity of the BQ to 

identify those with and without moderate-severe OSA in the general population; 

and iii) to investigate whether component questions of the BQ, rather than the 

complete questionnaire, had greater discriminatory capacity to identify such 

subjects.  

3.4 Methods 

3.4.1 Sample population 

The 2005 - 2007 BHS is a cross-sectional study of 2,935 residents of 

Busselton in Western Australia which were drawn randomly from the electoral roll 

in the shire.197 From this a sub-study of 793 subjects were recruited consecutively 

during the physical evaluation component of the larger study. These 793 subjects 

underwent overnight single-channel (nasal airflow) studies (ApneaLink™, ResMed 

Limited, NSW, Australia). Exclusion criteria included i) data capture from the 

device of less than 2 hours duration; ii) prior diagnosis with OSA; or iii) current 

treatment for OSA. 

3.4.2 Sleep parameters 

Overnight nasal airflow data from the single-channel portable monitoring 

device were scored according to automatically generated default criteria for the 

ApneaLink™ (firmware v3.49, scoring software v6.00, ResMed, NSW, Australia). 

Specifically, an apnoea was defined as a decrease in airflow to 0 - 20% of baseline 
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values for at least 10 seconds (s), a hypopnoea defined by a decrease in baseline 

airflow of 50 - 80% for at least 10 s. Minimal amplitude threshold for snoring was 

6%. A duration range of 0.3 - 3.5 s were set for snoring events. 

Subjects were instructed to activate the device immediately prior to ‘lights 

out’ in preparation for sleep and to turn it off on arising from sleep in the morning. 

The AHI was derived from the mean number of apnoeas and hypopnoeas per hour 

during the evaluation period. Gold standard polysomnography was not available 

for this cohort. Two thresholds were considered: AHI≥5 events/h taken to 

represent any undiagnosed OSA; and AHI≥15 events/h taken to represent 

undiagnosed OSA that would reasonably require treatment. 

3.4.3 Berlin Questionnaire criteria 

The BQ was coded two different ways (Methods A and B) as follows.  

Method A utilised questionnaire responses based on the original publication 

and validation in a primary care sample78 using the coding protocol that was 

published as an appendix by Hiestand et al.80 Briefly, component questions were 

grouped into three categories in order to allocate an overall high or low risk for 

OSA. Category 1 contained five questions that captured snoring history - high risk 

was attributed to individuals reporting at least two of the following characteristics: 

frequent snoring (≥ 3 - 4 times/week); very loud snoring; whether others were 

frequently bothered by the snoring; or frequent breathing pauses during sleep 

(≥ 3 - 4 times/week). Category 2 contained questions that captured daytime 

symptoms - high risk was attributed to individuals reporting at least two of the 

following three characteristics: self-report of frequent daytime sleepiness; 

unrefreshed sleep; and drowsy driving. Category 3 captured common co-
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morbidities of OSA - high risk was attributed to those with a BMI > 30 kg/m2 or 

with hypertension. In this study hypertension was defined as self-report of current 

treatment for hypertension or by a systolic blood pressure of > 135 mmHg or a 

diastolic blood pressure of > 85 mmHg, which was measured by research staff on 

the morning following overnight monitoring of sleep. An overall high risk of OSA 

was assigned to individuals considered high risk in two of the three categories. As 

per Heistand et al, all other responses, including missing data, were coded as ‘low 

risk’ by default.80  

Method B examined the screening properties of the constituent questions of 

the BQ by themselves, rather than using aggregated risk in categories. Missing 

responses were removed from the analyses. One further deviation from the 

traditional use of the BQ was considered for the questions on snoring frequency 

and breathing pauses. Traditionally low risk was assigned to snoring or breathing 

pauses ≤ 1 - 2 times/week, however we considered whether different thresholds 

for low risk (never and ≤ 1 - 2 times/month) could better capture control status. 

Following on from using individual questions, combinations of two questions 

(regardless of category) were then considered. Some combinations of three 

questions were investigated. 

3.4.4 Lifestyle parameters 

No other sleep-related questionnaires were collected. To examine whether 

screening criteria introduced systematic biases in the sample demographic and 

lifestyle characteristics of the BHS were captured by questionnaire response. 

Smokers were categorised as never, former or current smokers and pack/years 
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calculated. Standard drinks per week were calculated from report of consumption 

of different beverage types (light beer, mid beer, white wine, etc.). 

Recreational exercise activity was measured using the Active Australia 

Survey.198 Self-report of total weekly time spent in walking, moderate, and 

vigorous physical activity was recorded. Metabolic equivalents is a unit of which 

describes resting metabolic rate that is equivalent to 3.5 mL of oxygen uptake per 

kilogram of body weight per minute. Metabolic equivalent categories have been 

ascribed to various physical activities.30 In this study, MET minutes of recreational 

exercise were calculated as intensity adjusted total time in minutes spent in 

activity. Specifically, MET minutes per week = (3 x total minutes walking) + 

(4 x total minutes of moderate exercise) + (7.5 x total minutes of vigorous 

exercise). This formula was used to create four recreational exercise categories 

(nil, low, moderate and high) that were derived from published thresholds.30  

Occupational activity categories were assigned using the US Department of 

Labor Dictionary of Occupational Titles, where the activities of each occupation 

(standing, walking, sitting, lifting, carrying, pushing, pulling and manipulation of 

controls) have been assessed by an occupational analyst. Job-title derived 

occupational activity has shown good agreement with accelerometry-validated 

physical activity questionnaires.199 Questionnaire response to job title was 

matched to the activity category for that same job title in the dictionary, creating 

five occupational categories (sedentary, light, medium, heavy and very heavy). 

Those who listed their occupation as home duties, along with those who were 

retired, unemployed or students were not included in analyses. Table 3.1 shows 

the four recreational exercise categories and five occupational categories, with 

examples of the occupation activity, as well as the ‘combination’ categories used.   
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Table 3.1: Summary of methods to characterise activity measures.  

  Recreational exercise (MET minutes/week) 
 
Occupational activity 

Nil  
(0 - 39) 

Low  
(40 - 599) 

Moderate  
(600 – 1,199) 

High  
(≥ 1,200) 

Sedentary e.g. accountant, IT, 
academic 1 

Inactive recreation 

Inactive occupation 

2 

Active recreation 

Inactive occupation 
Light e.g. teacher, 

hairdresser 

Medium e.g. nurse, 
mechanic, truck 
driver 

3 

Inactive recreation 

Active occupation 

Ref 

Active recreation 

Active occupation 

Heavy e.g. farmer, 
plumber 

Very 
heavy 

e.g. fire-fighter, rig 
worker 

 

3.4.5 Statistical analysis 

To address the first aim of the study, age-adjusted sex specific prevalences 

were calculated as the sum of age-specific prevalence in the reference population 

weighted by 2007 Australian population estimates.200 Mean, standard deviation 

(SD), median and interquartile range (IQR), χ², Students t test, and Mann-Whitney 

U test were used to describe the populations. The OR, sensitivity, specificity, PPV 

and NPV, positive and negative likelihood ratios and post-test probabilities of OSA 

were calculated. Data were analysed using PASW Statistics GradPack, version 17.0 

and Microsoft Office Excel 2007.  
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3.5 Results 

3.5.1 Sample characteristics 

The mean age (± SD) of the sample population who underwent overnight 

monitoring (n = 793) was 54 ± 16 years. Males comprised 48% of the sample, as 

did smokers. European ancestry was reported by 97% of the sample. Median 

alcohol intake was 6.6 standard drinks/week (IQR 3.6 - 11.1) and subjects 

undertook a median 5 hours of physical activity/week (2.1 - 9.6). In these respects, 

the sample was statistically similar to the larger general population health study 

from which it was drawn. The subset with overnight ApneaLink™ monitoring data 

had a statistically significant but not clinically meaningful greater BMI (27.5 ± 4.7 

versus 26.9 ± 4.7 kg/m2). Waist circumference was not different between the 

subset and the general population sample (92.1 ± 13.1 versus 91.4 ± 13.5 cm). 

Median AHI was 4 events/h of monitoring (IQR 2-10). The proportion with 

moderate or severe OSA (AHI ≥ 15 events/h) was 15%. 

3.5.2 Age standardised prevalence of undiagnosed obstructive sleep 

apnoea 

The age-standardised prevalence estimate of moderate-severe OSA was 9.1% 

(12.4% in men and 5.7% in women). It was absent in women under 40 and men 

under 35 years. 



CHAPTER 3: PREVALENCE OF UNDIAGNOSED OSA & METHODS FOR SCREENING CONTROLS 

~ 71 ~ 
 

3.5.3 Validation of screening properties of the Berlin Questionnaire 

Diagnostic accuracy of the BQ (Method A) for an AHI ≥  15 are reported in 

Table 3.2. Test sensitivity was 53.8% and specificity was 70.4%. Amongst subjects 

classified as high-risk, the PPV was 24%. Among subjects classified as low-risk, 

NPV was 89.8%. The corresponding positive likelihood ratio was 1.82, and the 

negative likelihood ratio was 0.66 (Table 3.2).  

Table 3.2: Diagnostic accuracy of the Berlin Questionnaire 

 AHI ≥15 (95% CI) 

OR 2.78 (1.86, 4.14) 

Sensitivity (%) 53.8 (44.8, 62.6) 

Specificity (%) 70.4 (66.9, 73.7) 

PPV (%) 24.0 (18.8, 29.1) 

NPV (%) 89.8 (87.2, 92.4) 

LR+ 1.82 (1.48, 2.32) 

LR- 0.66 (0.54, 0.80) 

AHI: apnoea hypopnoea index; OR: diagnostic odds ratio; PPV: positive predictive value; 
NPV: negative predictive value; LR+: positive likelihood ratio; LR-: negative likelihood ratio 

3.5.4 Utility of component questions of the Berlin Questionnaire 

Figure 3.1 demonstrates the pre-test and post-test probabilities for 

AHI ≥ 15 events/h and < 15. The pre-test probability of AHI ≥ 15 events/h was 

15% (95% CI 12.5 - 17.5%). The post-test probability for AHI ≥ 15 events/h in 

those deemed high-risk by BQ was 24% (95% CI 20 - 28%). One constituent 

question, reporting apnoeas on > 2 nights per month, performed significantly 
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better than the complete BQ (post-test probability of AHI ≥ 15 events/h: 38% 95% 

CI 29 -  48%). 

Pre-test probability of AHI < 15 events/h was 85% (95% CI 83 - 87%). One 

constituent question, absence of hypertension, had a significantly higher post-test 

probability (94%: 95% CI 94 - 96%) than the post-test probability estimate of 

low-risk by BQ (90%: 95% CI 88 - 92%).  

Some questions were not individually helpful as screening items for either 

cases or controls: questions about snoring volume, unrefreshed sleep, daytime 

fatigue and never having fallen asleep driving and BMI. The absence or low 

frequency of apnoeas did not increase post-test probability of AHI < 15 events/h 

beyond that of the BQ low-risk post-test probability. Post-test probability after 

reporting refreshed sleep, nil fatigue, never drowsy driving and BMI in the 

non-obese were similar to pre-test probability of AHI < 15 events/h. 
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Figure 3.1: Estimated probabilities of moderate-severe obstructive sleep apnoea (apnoea hypopnoea index ≥15 events/h) and not having moderate-severe 
obstructive sleep apnoea (apnoea hypopnoea index <15 events/h), before and after completing the Berlin questionnaire and its constituent 
questions 
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3.5.5 The utility of combinations of questions in screening for controls 

Only one combination of questions (being normotensive or 

snoring ≤ 1 - 2 nights/month) had post-test probabilities comparable to that of the 

post-test probabilities of the individual questions. The post-test probability of an 

AHI < 15 events/h for this combination was 92% (95% CI 90, 93%: Figure 3.1). 

Other combinations of questions had poor discriminatory capacity for AHI 

< 15 events/h and were therefore not reported. 

Screening for the absence of moderate-severe OSA using snoring frequency, 

blood pressure measurement and the combination of these two measures changed 

the group characteristics in the total cross-sectional general population sample 

(n =2935, Table 3.3). All three screening criteria produced samples with a greater 

proportion of female subjects and reduced mean age, BMI and waist circumference 

in comparison with the source population. However, none of the three screening 

criteria had a significant effect on the median number of hours of recreational 

exercise reported, or the proportions in each exercise category, or the distribution 

of physical demand in occupation (Table 3.3). The greatest sample size was 

obtained from the combined question criteria. 
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Table 3.3: Characteristics of the reference population and subgroups obtained using three screening questions: snoring frequency, bloo d pressure and snoring 
frequency or blood pressure 

Reference population 
(n = 2,935) 

 Screening question 

 Snoring freq 
(n = 1,359) 

Blood pressure 
(n = 1,521) 

Combination 
(n = 1,889) 

Female sex (%) 52.4  63.1* 58.6* 56.6* 

Never smoker (%) 51.5  57.2* 53.6 53.5 

European ancestry (%) 96.7  96.0 96.4 96.5 

Age (years) 54.7 ± 18.2  51.5 ± 19.0* 46.3 ± 16.3* 50.7  ± 18.0* 

BMI (kg/m2) 27.0  ± 4.7  26.0 ± 4.4* 25.9 ± 4.3* 26.2  ± 4.4* 

Waist circumference (cm) 91.6  ± 13.3  87.8 ± 12.8* 87.4 ± 12.5* 88.9  ± 12.7* 

Alcohol intake (standard drinks/week) 6.6 (3.4 - 10.9)  6.2 (3.4 - 10.6) 6.8 (3.4 - 10.8) 6.5 (3.4 - 10.8) 

Physical activity (hours/week) 5.0 (2.0 - 9.9)  5.0 (2.2 - 9.5) 5.0 (2.1 - 9.1) 5.0 (2.2 - 9.5) 

Continuous measures are presented as mean ± SD or median (interquartile range); *significant difference (P < 0.05) between screened sample and 
unselected general population 
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Table 3.3: (continued): Characteristics of the reference population and subgroups obtained using three screening questions: snoring frequency, blood 
pressure and snoring frequency or blood pressure 

 Reference population 
(n = 2,935) 

 Screening question 

  Snoring freq 
(n = 1,359) 

Blood pressure 
(n = 1,521) 

Combination 
(n = 1,889) 

Recreational exercise: n (%) 

Nil 

Low 

Moderate 

High 

 

250 (8.6) 

709 (24.3) 

555 (19.0) 

1,400 (48.0) 

  

86 (6.3) 

322 (23.7) 

272 (20.0) 

676 (49.9) 

 

114 (7.5) 

345 (22.7) 

305 (20.1) 

755 (49.7) 

 

138 (7.3) 

439 (23.3) 

373 (19.8) 

934 (49.6) 

Occupational demand n (%) 

Sedentary 

Low 

Medium 

Heavy / very heavy 

 

375 (20.3) 

540 (29.2) 

723 (39.1) 

213 (11.5) 

  

182 (19.7) 

290 (31.4) 

351 (38.0) 

100 (10.8) 

 

268 (22.3) 

383 (31.9) 

423 (35.2) 

127 (10.6) 

 

277 (20.8) 

408 (30.6) 

499 (37.4) 

149 (7.9) 

Continuous measures are presented as mean ± SD or median (interquartile range); *significant difference (P < 0.05) between screened sample and 
unselected general population  
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3.6 Discussion 

This study found that the prevalence of undiagnosed moderate-severe OSA in 

a general population sample from Western Australia was 9%. This study is the 

third to estimate screening properties of the BQ in a general population sample 

and the first using an Australian sample. These findings were in accordance with 

those from a Norwegian general population sample.195 Sensitivities of 54% imply 

that approximately 50% of persons with undiagnosed OSA among the general 

population can be identified by questionnaire. Specificity of the BQ (70%) was 

slightly lower than that seen in the Norwegian population (80%). In contrast, a 

small general population sample from Korea (n = 101), where direct interview 

rather than self-completed paper-based method was employed suggested higher 

sensitivity of 89% but lower specificity (63%).196 

This study postulated and investigated research utility for the individual 

questions in the BQ to optimise screening for ‘control’ subjects with an AHI 

< 15 events/h. Questions on snoring frequency and hypertension had significantly 

greater post-test probability of AHI < 15 events/h than that of the complete BQ. 

By using a combination of snoring less than 2 nights/month or nil hypertension 

the post-test probability of AHI < 15 events/h was comparable to that of the 

individual questions and comparable to, but not significantly greater than, low-risk 

from the complete BQ. This combination of questions reduced the general 

population sample size by 36% when using a cut off of AHI < 15 events/h, and thus 

represented the most efficient way to use the BQ to screen a general population for 

the probable absence of OSA. 

Defining controls as having an absence of moderate or severe OSA 

(i.e. AHI < 15 events/h) means that individuals with a milder form of the disease 
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would still be included as controls. The disadvantage of doing this might be offset 

by the fact that sleep disordered breathing with AHI ≥ 15 events/h is more 

symptomatic and treatable than milder forms201 and some studies may wish to 

remove the majority of ‘worst offenders’ amongst undiagnosed OSA. 

As such, questions on snoring frequency and hypertension provide a useful 

method for reducing the proportion of undiagnosed moderate-severe OSA in a 

general population, where post-test probability of AHI < 15 events/h was 91% and 

94% respectively. However, this is achieved at the expense of sample size and 

researchers must consider the relative merits of sample size versus 

misclassification. These screening methods produced a sample which was 

marginally less obese than the BHS but it did not alter either the occupation or 

recreational exercise profile of the BHS sample. This consideration is particularly 

relevant to the studies described in chapter 6 where exposure estimates of both 

occupational demand and recreational exercise activity are related to the odds of 

developing moderate-severe OSA in the BHS. 

Nevertheless, validation of methods to identify both cases and controls 

contribute important information for the design of research studies. The BQ 

high- and low-risk categories have previously been used in the general population 

as epidemiologic proxies of sleep disordered breathing and controls .80, 191 The BQ 

could be used within the context of candidate gene studies of OSA since they 

require large control samples that are representative of the general population to 

detect small effect sizes from genetic loci. Screening for undiagnosed OSA would 

then optimise the power of these studies to detect associations. Yet candidate gene 

studies of OSA exemplify the range of control selection strategies employed in 

peer-reviewed research, often without validation. The gold standard is PSG to 

ascertain case or control status,63-67 but others have used personal and familial 
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history to determine ‘healthy sleepers’,68-71 or a history of hypertension,64, 72 and 

some have used no selection method at all.73-76 

The BQ was designed as an instrument within a primary care population and 

not for an epidemiologic approach in a general population. Its symptom based 

approach was intended to identify presence of OSA not absence of OSA and, 

therefore, it is unlikely to have a high NPV. Methods such as portable monitoring 

represent better modalities for screening general populations for disordered 

breathing. 

3.6.1 Limitations 

Objective sleep measurements were collected in the sample by home-based 

monitoring using a single-channel (nasal airflow) sleep apnoea screening monitor, 

which uses length of study as a proxy for sleep duration and has a less sensitive 

definition of respiratory events than PSG. Portable monitoring devices are known 

to underestimate AHI in comparison with PSG-derived AHI defined using the 

Chicago criteria201, 202 but are likely to be closer to the recommended definition 

from the American Academy of Sleep Medicine.37 Agreement between PSG-derived 

AHI and ApneaLink-derived AHI (with oximetry) is high and maximal at an AHI 

threshold of 15 events/h (sensitivity 90.9, specificity 94.6, PPV 90.9, NPV 94.6).203 

Unlike most portable monitoring devices, the one employed in this study lacked 

oximetry data and was not validated against PSG. The reason behind this 

methodological omission was pragmatic since data on sleep were opportunistically 

collected in the study sample. There is insufficient empiric evidence to 

demonstrate whether devices lacking oximetry can diagnose OSA and the 

conclusions of this study should be tempered by this important caveat.204  
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3.6.2 Conclusions 

These findings: i) indicate that the prevalence of undiagnosed moderate to 

severe OSA is high in the Western Australian general population; ii) confirm that 

the BQ has suboptimal screening properties for OSA within a general population; 

but iii) demonstrate that snoring frequency and hypertension are associated with a 

higher post-test probability of AHI < 15 than the complete BQ. This combination 

represents a simple and economical screening tool to identify OSA controls from a 

general population with a high prevalence of undiagnosed moderate to severe OSA, 

albeit with reduction in sample size. Future epidemiological and genetic case-

control studies of OSA using population-based controls should account for 

undiagnosed OSA in their methodology. 
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4 The association of the v-maf musculoaponeurotic 

fibrosarcoma oncogene homolog (avian) and 

glucosamine-6-phosphate deaminase 2 loci with 

obstructive sleep apnoea in European Australians 

4.1 Foreword 

The study described in chapter 3 demonstrated (i) that community samples 

can have a high prevalence of undiagnosed OSA and (ii) that a combination of two 

questions from the BQ can be used to identify individuals without moderate-severe 

OSA (i.e. those with an AHI < 15 events/h) with a 92% post-test probability. The 

current chapter utilises the methods described in chapter 3 to produce a 

community-based sample of controls with low risk of moderate-severe OSA. This 

control group was then used in a candidate gene study examining the relationship 

between obesity and OSA. Previous research into the genetics of OSA have built on 

existing knowledge of metabolic pathways by considering biologically plausible 

genetic loci, few of which have been associated with OSA. Genome wide association 

studies, which are not hypothesis driven and use very large sample sizes, have 

been used to identify genes associated with BMI but have not considered the 

metric of AHI within their analyses. This chapter builds upon existing research 

knowledge by looking at the association of these genes with both BMI and AHI. The 

candidate did not design this study. The candidate participated in data collection, 

cleaned and analysed the data, and disseminated all results generated from the 

data. 
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4.2 Abstract 

Study objectives: Obstructive sleep apnoea is closely associated with obesity. 

Therefore it is possible that both susceptibility to and the severity of OSA may be 

influenced by genes involved with obesity. This study tested the association of 19 

previously reported obesity-related SNPs with OSA-related phenotypes. 

Design: Case-control study. 

Participants: OSA cases (n = 1,610) comprised of participants in the WASHS. 

Controls (n = 3,970) comprised participants in the BHS. 

Measurements and main results: Nineteen obesity-related SNPs were coded 

additively and tested against OSA risk by comparing moderate-severe OSA cases 

with community controls. SNPs were also tested against BMI and, within cases, 

log-transformed AHI. All general linear models were adjusted for age, and sex, with 

and without BMI. The minor allele in the intergenic SNP rs1424233, which is close 

to the v-maf musculoaponeurotic fibrosarcoma oncogene homolog (avian, MAF) 

gene was associated with an OR of 1.20 (95% CI 1.06 - 1.35; P-value = 0.004, 

q-value = 0.03) for moderate-severe OSA. The G allele of the intergenic SNP 

rs10938397 flanking the glucosamine-6-phosphate deaminase 2 (GNPDA2) gene 

was associated with an increase of 0.066 [standard error (SE) 0.022; 

P-value = 0.003; q-value = 0.020] in log transformed AHI. Both associations were 

adjusted for BMI and both remained significant after adjusting for multiple testing. 

Conclusions: This candidate gene study suggests that the MAF and GNPDA2 genes 

may influence sleep apnoea phenotypes by pathways that are not simply explained 

by co-morbid obesity. 
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4.3 Introduction 

Obesity is a common risk factor for OSA14-16 with 60 to 90% of patients with 

OSA presenting with a BMI greater than 30 kg/m.2,17 Normal human variation in 

weight is under a high degree of genetic control. Genetic factors are estimated to 

account for 40 - 90% of population variation in BMI.139 Obesity is thought to 

explain nearly 40% of the genetic variance in sleep apnea.141 Linkage analyses 

suggest that there are both shared and unshared genetic factors underlying 

susceptibility to OSA and obesity.98  The inter-relationship of OSA and obesity in 

may be partially explained by a common causal pathway involving one or more 

genes regulating both AHI and BMI.98 In recent years, a number of SNPs correlated 

with BMI or body weight have been discovered by GWAS in large meta-analyses of 

European samples.142-146, 149-151 Each of these known ‘risk’ alleles contributes only a 

small proportion of the variance of BMI (0.05 - 0.24 BMI units / allele).144, 205 None 

of the studies published to date have accounted for the presence of OSA, which is a 

common and often undiagnosed co-morbidity of obese individuals.2  

Observed familial aggregation of OSA, not otherwise accounted for by shared 

environment, suggests that genetic factors play an important role in this 

syndrome.55 To date, tumor necrosis factor (TNF)-α, C-reactive protein (CRP), glial 

cell line-derived neurotrophic factor (GDNF), pleckstrin (PLEK) gene, 

lysophosphatic acid receptor 1 (LPAR1) and prostaglandin E2 receptor (PTGER3) 

genes have been associated with AHI and OSAHS using larger case-control designs 

or meta-analysis of smaller studies.57, 58, 100 However, other genes are likely to be 

involved in the pathogenesis of OSA, which has multiple pre-disposing 

‘intermediate phenotypes’ such as craniofacial structure, upper airway soft tissues, 

neural control of the upper airway, and body fat distribution. Each intermediate 
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phenotype may have multiple genetic determinants, which can interact with one 

another, or require a sympathetic environment, such as obesity, in order to 

produce the clinical endpoint of OSA.17, 55, 153, 154 Genetic studies may also elucidate 

the molecular pathways involved in OSA pathogenesis as well as the overlap with 

pathways that mediate co-morbid conditions, such as DM and cardiovascular 

disease. 

This study used a large case-series of OSA and a community control sample 

to investigate whether 19 SNPs known to be associated with BMI are associated 

with OSA independently of obesity. These 19 SNPs represented the ‘known’ BMI 

loci discovered through GWAS at the time this work was conducted.143-146, 149, 150 

4.4 Methods 

4.4.1 Study participants 

OSA cases comprised consecutive recruits to the WASHS114 during first 

presentation to a sleep physician at the WASDRI between 2006 and 2010. These 

participants were mainly of Caucasian ancestry and the data collected included an 

extensive questionnaire capturing patient and family history, as well as a blood 

sample and PSG data. To obtain a large sample size controls were generated from 

participants of the 1994 - 1995 and 2005 - 2007 recruitment phases of the BHS. 

Each recruitment phase was a sex and age-group stratified random sample of 

adults from the Busselton community in Western Australia.188 Less than 10% of 

the sample had data collected at both the 1994 - 1995 and 2005 - 2007 

recruitment phase and therefore the earliest data were removed for these 

individuals. Cases and controls were excluded if the ethnicity of both parents was 

not European or BMI was greater than four SDs from the mean BMI (i.e. ≥ 
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62kg/m2). In compliance with national guidelines for medical research involving 

humans, case and control participants were posted an information pack outlining 

the study protocol prior to obtaining informed written consent and approval was 

granted by the governing human research ethics committees at Sir Charles 

Gairdner Hospital for the OSA cases and the University of Western Australia for the 

community controls.  

4.4.2 Polysomnography 

The OSA cases underwent overnight laboratory-based PSG (Profusion 2, 

Compumedics, VIC, Australia) which was analysed using the 1999 AASM criteria206 

using standard, previously defined methods.114 AHI were defined as the number of 

respiratory events/h of sleep. Cases were excluded where total sleep time was less 

than 150 minutes. No PSGs were performed on the control participants, however, a 

sample with low risk of moderate-severe OSA was identified using 

sphygmomanometer measured absence of hypertension or self-report of snoring 

less than 1 or 2 times/month. These criteria had 92% post-test probability of AHI 

< 15 events/h, as measured by single-channel portable monitoring device in a 

general population (chapter 3).189 

4.4.3 Phenotyping 

OSA severity was defined according to AHI. Mild OSA was defined by an AHI 

of between 5 and less than 15 events/h, moderate OSA by 15 to less than 30 

events/h and severe OSA by equal to or more than 30 events/h. In case-control 

comparisons the case sample was restricted to those with at least moderate OSA 

(AHI ≥ 15 events/h). The within case analysis included all cases with an AHI of ≥ 

5 events/h. 



CHAPTER 4: ASSOCIATION OF MAF & GNPDA2 WITH OSA 

~ 86 ~ 

Body mass index was measured on the night of PSG using stadiometer for 

standing height (m) and routinely calibrated scales for weight (kg). Age (years) 

and sex were recorded by self-reported questionnaire data. 

4.4.4 Genotyping 

By end of 2009 four GWAS had reported the association of 45 SNPs in 16 loci 

with BMI.143-145, 150 From these studies 19 SNPs in 16 candidate loci were selected. 

Table 4.1 provides information known about the 19 SNPs considered in this 

chapter. The candidate SNPs were either intergenic - and therefore presented in 

relation to the nearest gene - or were intronic. Some intronic mutations incurred a 

missense mutation in the gene.  

Genomic DNA was isolated from peripheral blood samples. SNP variants 

were genotyped using tetra-primer Amplification Refractory Mutation System 

polymerase chain reaction. Individual SNP cluster plots were manually reviewed 

by trained laboratory assistants to identify ambiguous genotype calls. Samples 

were restricted to those where at least 89.5% or ≥ 17 of the 19 SNPs were 

unambiguously called and heterozygosity was within three standard deviations 

from the mean heterozygosity of all of the samples.207 High genotype call fail 

percentage and extremely low and high heterozygosity can be indicative of low 

DNA quality. 
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4.4.5 Statistical analyses 

Case and control samples were described using mean and standard 

deviations and differences were formally tested using Chi square and Student’s 

t-test. In cases (AHI ≥ 5 events/hour), AHI was natural log transformed to produce 

a Normal distribution and used as a proxy outcome measure of the severity of OSA. 

Since oxygen desaturation is highly skewed and cannot be transformed to 

normality this metric was dichotomised into cases where overnight nadir 

nocturnal O2 saturation was < 90% and where it was ≥ 90%. Allele frequencies in 

the control samples were tested for deviations from Hardy-Weinberg equilibrium 

(HWE) using Fisher’s Exact Test.  
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Table 4.1: Genotype information and quality control statistics for each of the 19 obesity-
susceptibility single nucleotide polymorphisms 

SNP Nearest  
gene 

Chromosome 
region 

Position 
(bp) 

Context Reported 
by 

Risk 
allele 

Other 
allele 

rs2815752 NEGR1 1p31.1 72812440 Intergenic 146 C T 

rs10913469 SEC16B 1q25.2 177913519 Intronic 143 C T 

rs7561317 TMEM18 2p25.3 644953 Intergenic 143 G A 

rs7647305 ETV5 3q27.2 185834290 Intergenic 143 C T 

rs10938397 GNPDA2 4p12 45182527 Intergenic 144, 146 G A 

rs2844479 NCR3/AIF1 6p21.33 3157256 Intergenic 143 T G 

rs10508503 PTER 10p13 16299951 Intergenic 145 C T 

rs925946 BDNF-AS 11p14.1 27667202 Intronic 143 T G 

rs6265 BDNF-AS 11p14.1 27679916 Missense 143 G A 

rs10838738 MTCH2 11p11.2 47663049 Intronic 144 G A 

rs7138803 BCDIN3D 12q13.12 50247468 Intergenic 143, 146, 149 A G 

rs7498665 SH2B1 16p11.2 28883241 Missense 143, 144 G A 

rs9939609 FTO 16q12.2 53820527 Intronic 142, 144 A T 

rs6499640 FTO 16q12.2 53769677 Intronic 143 A G 

rs1424233 MAF 16q23.2 79682751 Intergenic 145 A G 

rs1805081 NPC1 18q11.2 21140432 Missense 145 A G 

rs17782313 MC4R 18q21.32 57851097 Intergenic 144, 145, 150 C T 

rs11084753 KCTD15 19q13.11 34322137 Intergenic 144 G A 

rs29941 KCTD15 19q13.11 34309532 Intergenic 143, 146 C T 
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Table 4.2 summarises the generalised linear models (logistic and linear 

regression) used to model the association of each SNP using an additive genetic 

model after adjusting for multiple covariates. Results are presented for a 

significance threshold of p ≤ 0.05; statistical significance was corrected by the false 

discovery rate (FDR) approach to account for multiple testing.113 Data were 

analysed using the statistical program R version 2.15.1. (2012, The R Foundation 

for Statistical Computing) using SimHap.208 

Table 4.2: Summary of samples and type of general linear model used 

Sample GLM Outcome 

Case (AHI ≥ 15) Linear  BMI 

Control Linear  BMI 

Case (AHI ≥ 15) vs control Logistic Moderate-severe OSA 

Case (AHI ≥ 5) Linear  Log transformed AHI 

Case (AHI ≥ 5) Logistic O2 desaturation of <90% during PSG 

4.5 Results 

4.5.1 Participant characteristics 

Single nucleotide polymorphism data were available for 2,234 suspected OSA 

cases and 5,351 controls. The following exclusions were made: (i) 325 cases and 

14 controls with non-European ethnicity; (ii) 191 cases due to AHI < 5 events/h or 

total sleep time less than 150 minutes; (iii) 102 cases and 329 controls because of 

low genotype call rate or extreme heterozygosity; (iv) 6 cases with an outlying BMI 

of ≥ 62 kg/m2; (v) 785 controls determined to have high risk of moderate-severe 

OSA (a high frequency of snoring and hypertension) and (vi) 253 controls with 

missing key demographics. Therefore, a total of 1,610 cases of OSA and 3,970 
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controls were available for analysis. Of the OSA cases, 1,236 had moderate-severe 

OSA to be used in comparisons with 3,970 controls. 

Table 4.3 shows the demographic and PSG characteristics of the OSA sample, 

stratified by severity of OSA. Increased severity of OSA was associated with 

increased adiposity, as measured by neck circumference, weight and BMI. 

Similarly, male sex and older age were associated with more severe disease and 

decreased total sleep time. In comparison with community controls, the OSA cases 

were older and had a statistically significantly greater proportion of obesity and 

men (All data (except N and sex) are presented as mean ± SD Table 4.4). Thus, 

multivariate analyses were adjusted for these key covariates.  

Table 4.3: Demographic and polysomnographic characteristics of the obstructive sleep 
apnoea cases, stratified by severity 

 Mild 

(5 ≤ AHI < 15) 

Moderate 

(15 ≤ AHI < 30) 

Severe 

(AHI ≥ 30) 

N (%) 377 (23.4) 478 (29.7) 755 (46.9) 

Male sex: N (%) 179 (47.5) 279 (58.4) 529 (70.1) 

Neck circumference (cm) 38.7±4.2 40.6±3.9 43.0±4.1 

Weight (kg) 84.8±20.3 90.4±18.4 102.4±21.0 

Height (kg) 169.5±9.9 169.7±9.5 171.6±9.5 

BMI (kg/m2) 29.5±6.5 31.4±6.1 34.8±7.1 

Mean sleep time (minutes) 363±79 357±79 343±80 

Age (years) 48.3±14.1 52.1±13.5 53.8±12.5 

All data (except N and sex) are presented as mean ± SD  
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Table 4.4: Comparison of moderate-severe obstructive sleep apnoea cases and controls 

 Cases (AHI ≥15) 

n = 1236 

Controls  

n = 3970 

P-value 

Age (years) 53.1 ± 12.9 48.9 ± 16.6 < 0.001 

BMI (kg/m2) 

Proportion ≥ 30 (%) 

33.5 ± 6.9 

65.8 

25.7 ± 4.0 

14.4 

< 0.001 

< 0.001 

Male sex (%) 65.5 41.7 < 0.001 

Age and BMI presented as mean ± SD; * P-value for mean age and mean BMI represents t 
test and χ2 test for proportion with BMI ≥30 and sex  

4.5.2 Genotypes 

Genotype frequencies, minor allele frequencies, and HWE results for all SNPs 

are presented in Table 4.5. Two SNPs - rs6265 and rs17782313 - had a genotype 

failure rate greater than 5% in cases and were therefore excluded from subsequent 

analysis. Three SNPs (rs10913469, rs2844479, rs11084753) were observed to 

deviate from HWE in the control sample. These were therefore excluded from all 

case-control regression analysis but retained in case-only regressions. 
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Table 4.5: Genotype and allele frequencies of 19 single nucleotide polymorphisms in moderate-severe obstructive sleep apnoea cases and controls 

SNP Sample Fail Major homozygote Heterozygote Minor homozygote  Alleles 

  (%)  % n  % n  % n  MaF HWE hMAF 

rs2815752 Case <0.1 TT 39.9 493 TC 46.1 569 CC 14.0 173 C 0.370   

 Control <0.1  36.3 1300  47.1 1688  16.7 598  0.402 0.211 0.350 

rs10913469 Case 3.0 TT 66.6 799 TC 27.8 343 CC 4.8 58 C 0.191   

 Control 1.5  63.4 2244  31.7 1123  4.9 172  0.207 0.046 0.275 

rs7561317 Case 1.2 GG 71.1 867 GA 26.0 317 AA 3.0 36 A 0.159   

 Control 2.0  67.7 2382  29.2 1027  3.2 112  0.178 0.908 0.125 

rs7647305 Case 0.7 CC 60.8 746 CT 35.4 434 TT 3.8 47 T 0.215   

 Control 1.1  60.5  2146  34.9 1239  4.6 164  0.221 0.407 0.183 

rs10938397 Case 1.4 AA 29.7 363 AG 50.2 613 GG 20.1 246 G 0.452   

 Control 1.4  30.5 1077  50.4 1782  19.1 675  0.443 0.207 0.446 

rs2844479 Case 1.4 TT 44.3 539 TG 44.8 546 GG 10.9 133 G 0.333   

 Control 1.7  45.9 1618  42.5 1500  11.6 408  0.328 0.036 0.317 

rs10508503 Case 0.3 CC 84.5 1040 CT 14.5 178 TT 1.1 13 T 0.083   

 Control 0.7  83.7 2986  15.9 566  0.5 17  0.084 0.081 0.075 

rs925946 Case 0.9 GG 47.5 582 GT 43.6 534 TT 8.8 108 T 0.306   

 Control >0.1  46.8 1680  42.7 1533  10.5 375  0.318 0.376 0.358 

Fail: Proportion (%) of sample where genotype could not be called; MaF: Minor allele frequency; HWE: P-value from Exact Test for Hardy-Weinberg 
Equilibrium; hMAF: Minor allele frequency reported using the International HapMap Project: data release 24/phase II November 2008; European 
population (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36) 

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36


CHAPTER 4: ASSOCIATION OF MAF & GNPDA2 WITH OSA 
 

    

 

~93 ~ 

Table 4.5 (continued): Genotype and allele frequencies of 19 single nucleotide polymorphisms in moderate-severe obstructive sleep apnoea cases and controls 

SNP Sample Fail Major homozygote Heterozygote Minor homozygote  Alleles 

  (%)  % n  % n  % n  MaF HWE hMAF 

rs6265 Case 5.5 GG 68.6 801 GA 27.6 322 AA 3.9 45 A 0.176   

 Control 2.0  67.1 2363  29.3 1031  3.6 125  0.182 0.336 0.175 

rs10838738  Case 0.4 AA 42.4 522 AG 44.0 542 GG 13.6 167 G 0.356   

 Control 0.4  41.5 1640  45.1 1784  13.4 531  0.360 0.189 0.408 

rs7138803 Case 0.2 GG 38.0 469 GA 46.5 574 AA 15.5 192 A 0.388   

 Control <0.1  40.6 1361  45.1 1513  14.3 480  0.369 0.075 0.442 

rs7498665  Case 0.1 AA 37.7 465 AG 46.4 573 GG 16.0 197 G 0.391   

 Control 0.2  35.9 1285  47.4 1699  16.7 597  0.404 0.386 0.358 

rs9939609 Case 0.8 TT 34.2 419 TA 49.7 609 AA 16.1 197 A 0.409   

 Control 0.2  35.3 1263  48.1 1721  16.6 592  0.406 0.890 0.450 

rs6499640  Case 0.1 AA 36.9 455 AG 49.8 614 GG 13.4 165 G 0.382   

 Control 2.9  37.1 1285  48.1 1667  14.9 515  0.389 0.520 0.350 

rs1424233 Case 1.2 GG 25.6 313 AG 48.8 597 AA 25.6 313 G 0.500   

 Control 0.8  28.8 1024  50.1 1784  21.1 753  0.462 0.661 0.492 

Fail: Proportion (%) of sample where genotype could not be called; MaF: Minor allele frequency; HWE: P-value from Exact Test for Hardy-Weinberg 
Equilibrium; hMAF: Minor allele frequency reported using the International HapMap Project: data release 24/phase II November 2008; European 
population (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36)   

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36
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Table 4.5 (continued): Genotype and allele frequencies of 19 single nucleotide polymorphisms in moderate-severe obstructive sleep apnoea cases and controls 

SNP Sample Fail Major homozygote Heterozygote Minor homozygote  Alleles 

  (%)  % n  % n  % n  MaF HWE hMAF 

rs1805081 Case 3.9 AA 36.2 428 GA 47.6 563 GG 16.2 192 G 0.400   

 Control 2.5  34.2 1194  48.1 1680  17.7 620  0.418 0.487 0.467 

rs17782313 Case 6.6 TT 59.2 680 TC 35.0 402 CC 5.8 67 C 0.233   

 Control 1.8  58.8 2075  35.7 1261  5.4 192  0.233 1.000 0.283 

rs11084753 Case 1.3 GG 45.2 550 GA 45.4 553 AA 9.4 115 A 0.321   

 Control 0.9  46.6 1659  42.2 1501  11.2 398  0.323 0.038 0.375 

rs29941 Case 0.1 CC 46.4 573 CT 43.4 536 TT 10.1 125 T 0.318   

 Control 0.0  47.1 1691  42.1 1512  10.8 387  0.318 0.077 0.333 

Fail: Proportion (%) of sample where genotype could not be called; MaF: Minor allele frequency; HWE: P-value from Exact Test for Hardy-Weinberg 
Equilibrium; hMAF: Minor allele frequency reported using the International HapMap Project: data release 24/phase II November 2008; European 
population (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36)  

 

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/snp_details_B36?name=rs29941&source=hapmap24_B36
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4.5.3 Single nucleotide polymorphisms associated with body mass 

index 

Five SNPs were associated with BMI in either cases or controls (Table 4.6). 

Mean BMI was estimated to decrease by 0.255 kg/m2 in controls and 0.925 kg/m2 

in cases for each additional copy of the C allele of rs2815752. In controls the SNPs 

rs7561317, rs7498665, rs9939609 and rs6499640 and in cases rs6499640 were 

estimated to increase BMI for each additional copy of the effect allele. 

4.5.4 Case-control analysis 

Prior to adjustment for multiple testing, three SNPs were observed to be 

associated with odds of moderate-severe OSA (Table 4.7). Each additional copy of 

the minor allele in SNPs rs2815752 and rs7561317 was estimated to decrease 

odds of moderate-severe OSA; however, these estimates produced a q-value of 

0.06 after applying adjustment using FDR. Both SNPs were no longer associated 

with moderate-severe OSA once BMI was accounted for in the model (Table 4.7). 

This would suggest that rs2815752 and rs7561317 were associated with 

moderate-severe OSA only by their association with BMI. However, the results in 

Table 4.7 demonstrate that each additional copy of the minor allele in the 

rs1424233 SNP had an OR of 1.15 (95% CI 1.05, 1.27). This association remained 

significant after accounting for multiple testing (P-value 0.004, q-value 0.03). It 

also remained significant after adjusting for BMI with an OR of 1.20 (95% CI 1.06, 

1.35) for each additional copy of the A allele, which was also robust to correction 

for multiple testing (P-value 0.003, q-value 0.02). Thus the association of rs142433 

SNP with moderate-severe OSA was not completely explained by known 

association of the SNP with BMI.  
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Table 4.6: Single nucleotide polymorphisms that are associated with body mass index in controls and moderate-severe cases of obstructive sleep apnoea. 

SNP Gene Risk 
Allele 

Controls  Cases (AHI ≥ 15) 

 β SE P-value q value  β SE P-value q value 

rs2815752 NEGR1 C -0.255 0.094 0.006 0.016  -0.952 0.275 0.0006 0.001 

rs7561317 TMEM18 G 0.364 0.122 0.003 0.012  0.621 0.363 0.09 0.044 

rs7498665 SH3B1 G 0.211 0.094 0.024 0.047  -0.102 0.272 0.707 0.093 

rs9939609 FTO A 0.357 0.094 0.0002 0.002  0.320 0.279 0.250 0.064 

rs6499640 FTO A 0.290 0.097 0.0029 0.012  0.837 0.284 0.003 0.003 

β coefficients represent the change in absolute trait values for each additional copy of the risk allele after adjustment for age and sex, with the 
assumption of an additive effect, SE: standard error. 
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Table 4.7: Single nucleotide polymorphisms that are associated with odds of moderate-severe obstructive sleep apnoea*, before and after adjusting for body 
mass index, assuming an additive allelic effect 

SNP Nearest gene 
Minor 
allele 

Age & sex adjusted  BMI, age & sex adjusted 
OR 95% CI p value q value  OR 95% CI p value q value 

rs2815752 NEGR1 C 0.89 0.81, 0.98 0.023 0.06  1.02 0.91, 1.15 0.726 0.34 

rs7561317 TMEM18 A 0.86 0.76, 0.98 0.025 0.06  0.96 0.82, 1.13 0.613 0.31 

rs1424233 MAF A 1.15 1.05, 1.27 0.004 0.03  1.20 1.06, 1.35 0.003 0.02 

*Moderate severe OSA: AHI ≥ 15 compared with general population controls, Minor allele: reference category is the major homozygote and the odds ratio is 
applied to each additional copy of the minor allele. OR: odds ratio; 95% CI: 95% confidence interval, p value: logistic regression P-value; q value: False 
discovery rate adjustment q value 
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4.5.5 Single nucleotide polymorphisms associated with log 

transformed apnoea hypopnoea index 

Table 4.8 shows the outcome of the case only analysis where all cases of OSA 

with AHI ≥ 5 events/h were included in the model. Linear regression suggested 

that the rs10508503 SNP was associated with a mean increase of 

0.094 loge (events/h) in log transformed AHI for each copy of the minor allele. 

However, this association did not remain statistically significant after adjusting for 

multiple testing (P-value = 0.019, q-value = 0.07). The G allele of rs10938397 was 

associated with a mean increase of 0.066 in log transformed AHI, which remained 

statistically significant after adjustment for multiple testing (P-value = 0.003, 

q-value = 0.02). These models included standard covariates of sex, age and O2 

desaturation, as well as the obesity indices of BMI and neck circumference. Thus 

rs10938397 is associated with AHI by pathways not simply explained by co-

morbid obesity. None of the SNPs were associated with the odds of O2 desaturation 

to less than 90% during the PSG study (results not shown), probably due to the 

lack of reliability this measure has as an index of OSA severity. 

Table 4.8: Single nucleotide polymorphisms that are associated with log-transformed 
apnoea hypopnoea index, adjusted for age, sex, body mass index, neck 
circumference and nocturnal oxygen desaturation < 90%, assuming an additive 
allelic effect. 

SNP Nearest 
gene 

Minor 
allele 

β* 95% CI P-value q value 

rs10938397 GNPDA2 G 0.066 0.022, 0.110 0.003 0.02 

rs10508503 PTER T 0.094 0.015, 0.173 0.019 0.07 

Minor allele: reference category is the major homozygote and the β coefficient represents 
unit increase for each additional copy of the minor allele; P-value: linear regression P-
value; q value: False discovery rate adjustment q value. 
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4.6 Discussion 

This is the first study to investigate whether SNPs known to be associated 

with BMI and body weight are associated with OSA independently of obesity. The 

results indicate two such loci. The minor allele frequency (MaF) for SNP 

rs1424233 was associated with significantly higher odds of moderate-severe OSA 

(OR=1.15, 95% CI 1.05, 1.27). Similarly, the minor allele for the SNP rs10938397 

was related to higher AHI, although the effect size was small (β=0.066; 95% CI 

0.022, 0.110). Least squares regression models were adjusted for the covariates of 

age, sex and BMI suggesting that rs1424233 and rs10938397 are markers of loci 

which may influence sleep apnoea phenotypes by pathways that are either 

separate from or shared with co-morbid obesity. 

The SNP rs1424233, which has no known regulatory function, was not 

associated with the severity of OSA but was implicated in susceptibility of OSA. 

However, functional evidence would suggest this SNP could also be a genetic 

marker of a metabolic pathway which is disrupted by OSA. The SNP rs1424233 is 

flanking the v-maf musculoaponeurotic fibrosarcoma oncogene homologue 

(avian, MAF) gene, which is thought to play a role in the pathophysiological origins 

of DM.209 The MAF family of basic leucine zipper transcription factors are 

hypothesised to act on pancreatic islet cell fate.210 Islet hormones activate cells in 

remote tissues to maintain glucose homeostasis.210 In OSA, hypercapnia and 

recurrent arousals increase sympathetic neural traffic which can influence glucose 

homeostasis by increasing gluconeogenesis and the breakdown of glycogen.7 Sleep 

fragmentation has known adverse effects on serum glucose, insulin levels and 

insulin secretion rate. 7, 121 Individuals with copies of the A allele of the rs1424233 

SNP may have increased propensity for disruption of metabolic homeostasis, 
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which in concert with disordered breathing during sleep, leads to greater visceral 

adiposity, returning in cyclic fashion to further disruption of metabolic 

homeostasis. Investigations to determine whether carriers of the A allele for SNP 

rs1424233 have greater sleep fragmentation, hypercapnia or arousals during 

sleep, and/or whether these relate to indices of glucose metabolism would 

consolidate findings from this study. 

The rs10938397 SNP was associated with a linear increase in 

log-transformed AHI for each additional copy of the minor allele, suggesting the 

SNP influenced the severity of OSA. The SNP rs10938397 which has no known 

regulatory function, is close to the glucosamine-6-phosphate deaminase 2 

(GNPDA2) gene on chromosome 4, which encodes a catalytic enzyme in the 

hexosamine signaling pathway.211 This nutrient signalling pathway is known to 

regulate insulin-responsive glucose transport systems. Additionally, a downstream 

impact on lipid metabolism is reported, whereby under hyperglycaemic 

conditions, overall glucose uptake would be reduced, through insulin desensitivity, 

and excess glucose would be stored as triglycerides and glycogen.211 Rat models 

suggest that under high fat dietary conditions GNPDA2 is significantly down 

regulated in the hypothalamus.212 It is unknown whether GNPDA2 exerts genotypic 

variability in hexosamine signalling pathway homeostasis, insulin resistance or 

lipid metabolism. However, OSA is known to be associated with insulin resistance, 

even after controlling for adiposity,7-10, 156 such that each unit rise in AHI relates to 

an increase in insulin resistance of 0.5%.53 This study would suggest that 

functional investigation of the GNPDA2 gene and the impact of nocturnal 

hypoxemia and sleep fragmentation on the hexosamine signalling pathway are 

warranted.  
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OSA is a multifactorial disease and the AHI is a compositional phenotype 

acknowledged to have multiple genetic and environmental influences.107 The 

rs1424233 SNP was implicated in the risk of developing OSA but was not found to 

be associated with severity of OSA using log-transformed AHI. It is known that 

severity of OSA and its symptomology varies widely within case-series of OSA, 

even after adjusting for known covariates like BMI, sex and age. Thus future 

genetic analyses of OSA which hope to yield putative alleles should consider 

intermediate phenotypes such as body fat distribution (discussed in chapter 5), 

activity propensity, indices of glucose metabolism, and craniofacial phenotypes in 

addition to BMI. 

More SNPs were observed to be associated with BMI in the control sample 

than in the case sample. The reasons for this could be driven mostly by sample 

size, however, the SNPs may have shown more associations in the general population 

due to their known role in normal variation in weight. The OSA group may have greater 

disease-specific selection upon their weight, by way of factors like circadian disruption 

and leptin-resistance, thus OSA is the main driver of co-morbid obesity and overcomes 

the baseline genetic predisposition towards a certain level of body fat. 

4.6.1 Limitations 

Gold standard methodology would require PSG data to be obtained for the 

control sample. However PSG was not available in this large community sample. 

Instead, the study was limited to a questionnaire-based method to screen out 

moderate-severe OSA. This method had 92% post-test probability of AHI 

< 15 events/h in a similar general population (chapter 3).189 Single nucleotide 

polymorphisms were excluded from analysis where the allele frequencies in the 

control sample were observed to deviate from HWE. A stringent P-value cut off of P 



CHAPTER 4: ASSOCIATION OF MAF & GNPDA2 WITH OSA 
 

~ 102 ~ 

< 0.05 was used to ensure that the exposure status - in this case allele frequency – 

was not related to the control selection method. 

This study was significantly larger than most previous candidate gene studies 

of OSA, which have lacked power to detect an OR of less than two.20 Despite this, 

sample size remained a limitation of the current study. We used 1,610 OSA cases 

and 3,970 community controls to investigate BMI-associated SNPs which had been 

reported from studies using sample sizes of > 10,000 to ~ 250,000.145, 146 

Consequently, of the 19 SNPs available for consideration, only 5 SNPs in controls 

and 3 in OSA cases were statistically associated with BMI. This indicates that the 

sample size of the current study was underpowered to detect the very small effect 

sizes of the BMI-associated SNP alleles. Additionally, cases and controls were not 

matched 1:1 for men due to a higher proportion of men in the OSA sample and 

proportionally more screening out of males in the control sample. Despite this, 

rs1424233 and rs10938397 were found to be associated with OSA after adjusting 

for multiple testing. 

Only 19 BMI-associated SNPs were considered.  However, as Table 2.4 

(page 40) shows, many more SNPs have found to be associated with BMI using 

GWAS in larger samples than were used in the present study. However, a candidate 

gene approach was probably not an optimal approach for discovery of 

OSA-associated loci. The candidate genes were genotyped using an out-dated 

technology which in 2010 was rapidly being surpassed by high throughput 

methods. The most recent candidate gene study of OSA has considered 2,100 loci 

characterised by 46,449 SNPs.58 

Further, GWAS do not require a priori knowledge of biological plausibility, 

and as such may represent a better modality for investigating genetic factors 
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important to OSA. However they are contingent upon the availability of large 

sample sizes. By contrast, the candidate gene approach imposes less statistical 

stringency to multiple testing with the downside that they are restricted to the 

current knowledge base in an area which is changing rapidly. A pragmatic research 

approach may be to use the technology and techniques of a GWAS, namely the 

generation of imputed SNPs, within the context of a candidate gene approach 

where only SNPs with a priori relationship with biological pathways implicated in 

BMI variation or OSA are considered. 

4.6.2 Conclusion 

This study suggested that each copy of the minor allele of the rs1424233 SNP 

flanking the MAF gene increased the odds of moderate-severe OSA by 20%. Each 

copy of the minor allele of the SNP rs10938397 was associated with an increase in 

the log-transformed AHI by 0.07 log-transformed events/h. Both of these SNPs 

warrant further investigation as to their functional roles in glucose metabolism 

and OSA pathogenesis. 
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5 Sex differences in the association of regional fat 

distribution with the severity of obstructive sleep 

apnoea 

5.1 Foreword 

The study described in chapter 4 showed that some genetic factors thought 

to be related to BMI are also related to OSA, either by increased odds of 

moderate-severe OSA or relating to higher mean AHI in those with certain 

genotypes. Little is known about how these genetic regions relate to OSA. However 

both SNPs flanked genes involved in metabolic pathways involved in glucose 

homeostasis. Homeostatic regulation of energy intake is known to vary within the 

human population. Regional fat distribution is one measureable phenotype of 

normal human metabolic variation and a topical field of OSA research.  

Several previous research studies have sought to investigate the hypothesis 

that excess fat in the neck or abdominal regions contribute to OSA. Generally these 

studies have limitations which make it difficult to interpret their results. For 

example, the majority of research has been conducted in largely male samples 

leaving the role of sex on regional obesity unaddressed. Similarly, many studies 

have been reliant on surface anthropometry to estimate body composition. The 

few studies that have used direct measurement of obesity using MRI or CT have 

considered the neck or the abdomen in isolation from each other, but not the 

contribution of both. In the present chapter, these shortcomings of previous 

research are addressed by using DXA technology to examine whether regional fat 
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distribution is associated with severity of OSA using a large sample of men and 

women. This chapter was published in Sleep.127  

5.2 Abstract 

Study Objectives: To describe sex differences in the associations between severity 

of OSA and measures of obesity in body regions defined using both DXA and 

traditional anthropometric measures in a sleep-clinic sample. 

Design: A prospective case-series observational study, which is a representative 

subsample drawn from the WASHS114 operating out of the WASDRI, Perth, Western 

Australia. 

Participants: Newly referred clinic patients (60 men, 36 women) suspected to 

have OSA. 

Measurements and Results: Obstructive sleep apnoea severity was defined by 

AHI from laboratory-based overnight PSG. Body mass index, neck, waist and hip 

circumference, NWR, and WHR were measured. Dual-energy X-ray absorptiometry 

measurements included percentage fat and lean tissue. Multivariate regression 

models for each sex were developed. In women, percentage of fat in the neck 

region and BMI together explained 33% of the variance in AHI. In men, percentage 

of fat in the abdominal region and NWR ratio together accounted for 37% of the 

variance in AHI. 

Conclusions: Regional obesity is associated with OSA severity, although differently 

in men and women. In women, a direct influence of neck fat on the upper airway 

patency is implicated. In men, abdominal obesity appears to be the predominant 

influence. The AHI was best predicted by a combination of DXA-measured mass 

and traditional anthropometric measurements. 
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5.3 Introduction 

Excessive fat deposition may play a mechanistic role in OSA severity. Fat in 

the peripharyngeal area of the neck is thought to directly compress the upper 

airway 167 whilst chest-wall fat compresses the rib cage, reducing lung volume.213 

Abdominal fat is thought to result in cranial displacement of the diaphragm, 

decreasing longitudinal tracheal traction on the upper airway and leading to 

increased propensity for upper airway collapse.168 Reduced prevalence and 

severity of OSA in women is likely to be a consequence of a more favo urable 

pattern of distribution of excess fat. Specifically, women tend to distribute fat 

peripherally around the hips, buttocks, and thighs, whereas men tend to distribute 

excess fat more centrally on the abdomen and neck.170 As a result, although women 

have proportionally greater fat mass than men, they have less mechanical loading 

on their upper airway.170 However it is notable that most clinical studies 

examining the influence of obesity have been conducted in male populations21, 22 or 

have included only small numbers of women23; therefore, the potentially 

important explanatory role of differences in pattern of obesity in determining 

differences in severity of OSA remains inadequately defined. Furthermore, 

traditional anthropometric measures used in studies of OSA include BMI, waist and 

neck circumferences, NWR, WHR, and skin-fold anthropometry, which are of 

limited accuracy in determining fat distribution.16, 24-26  

More sophisticated methods are available to measure fat mass, such as MRI 

and CT, although they are unsuitable for studies requiring large samples. 

Dual-energy X-ray absorptiometry scanning is an accurate alternative measure of 

fat mass that is well suited for studies in clinical settings due to its relatively lower 

associated costs, training expertise, and radiation exposure.136 To date, it remains 
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unknown whether DXA-measured regional fat can predict severity of OSA better 

than traditional anthropometric measures. 

This chapter investigated whether traditional anthropometric measures, 

DXA-measured fat, or a combination of both best predicted OSA severity. 

Additionally the difference in associations between OSA severity and regional fat 

distribution in men and women were interrogated. 

5.4 Methods 

5.4.1 Study participants 

In March 2008 the WASHS case series comprised 1,759 participants, of 

which 96 were further characterised for this study. In compliance with national 

guidelines for medical research involving humans, patients were posted an 

information pack outlining the study protocol prior to their first presentation at 

the sleep clinic. Informed written consent for the DXA study was obtained by clinic 

physicians who recruited patients consecutively. Exclusion criteria included 

suspected pregnancy, prior exceptional radiation exposure, concurrent use of 

CPAP, and inability to attend the appointment for the scanning and body-surface 

measurements. The height and weight limits of the DXA system further excluded 

patients who weighed more than 130 kg or were taller than 1.8 m. This study was 

approved by the Sir Charles Gairdner Hospital Human Research Ethics Committee.  

OSA severity was defined by AHI29 from laboratory-based overnight PSG 

(Profusion 2, Compumedics, VIC, Australia) and scored using AASM criteria.1 

Factors with an established relationship with OSA severity: age, sex, Epworth 
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sleepiness score (ESS), and BMI were recorded. Body surface, upper airway, and 

DXA measurements were collected at the same time within 4 weeks of the PSG. 

5.4.2 Body surface and upper airway measurements 

Waist circumference was measured with the patient standing erect, at the 

midpoint between the costal margin and the iliac crest, at the end of normal 

expiration. Hip circumference was measured at the level of the greater trochanter. 

Neck circumference was measured with the patient seated, at the level of the 

anterior border of the cricoid cartilage. Mallampati score214 and pharyngeal grade 

were scored according to visual scales.215-218  

5.4.3 Dual-energy X-ray absorptiometry-measured body mass 

Percentage of fat and lean tissue, and bone density (g/cm2) were measured 

using a Lunar Prodigy DXA machine (GE Healthcare, Madison, WI). Participants 

were positioned centrally on the scanner bed with the mandible on a vertical 

plane. Hands were palm down, slightly away from the body. The EnCORE software 

v10.50. (General Electric Company, Madison, WI) defined standard regions: trunk, 

android, and gynoid (Figure 5.1a). Three customised regions were also analyzed 

(neck, abdominal and thoracic; Figure 5.1b). The peripheral central ratio (PCR) 

was calculated as fat in the peripheral areas of the body (fat in the body – fat in the 

trunk) / fat in the trunk. 
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Figure 5.1: Definitions of a) standard dual-energy X-ray absorptiometry regions or b) 
custom dual-energy X-ray absorptiometry regions 

a) Standard Definition b) Custom  Definition 

 

Trunk: from the 
body of the mandible 
to the neck of the 
femur and laterally to 
the glenohumeral 
joint. 

 

Neck: incorporating the mid-
point of the chin outward to 
the soft tissue outline of the 
head, the first bony landmark 
in line with the scapula, the 
highest point of the rib cage 

 

Thoracic: supralateral at the 
glenohumeral joint and the 
clavicle, inferiorly to the lower 
border of the costals. 

 

Android: from the 
top of the ilium 
superiorly 20% of the 
distance from the 
ilium to the body of 
the mandible 

 

 

 

Abdominal: incorporating the 
mid-point of the inferior costal 
margin, the soft tissue outline 
adjacent to the upper 
prominence of the ilium, the 
soft tissue outline adjacent to 
the upper prominence of the 
femur, and the lowest mid-
point of the pelvis. 

 

Gynoid: from the top 
of the ilium inferiorly 
1.5 times the height 
of the android region 

5.4.4 Statistical analysis 

Data were analyzed using R version 2.7.1 (2008, The R Foundation for 

Statistical Computing) using SimHap.208 Normally distributed continuous variables 

were described using mean and standard deviations, and nonparametric variables 

using the median and IQR. Chi square test (χ²), Students t-test, and 

Mann-Whitney U test were used to test the assumption that the study sample was 

representative of the WASHS case series and investigate sex differences within the 

study sample. AHI was right skewed and, therefore, log  transformed prior to 
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analysis. Three multivariate regression models for each sex [a (males) and b 

(females)] were developed. Model one investigated the predictive value of 

traditional anthropometric measures of obesity (BMI, waist and neck 

circumferences, WHR, and NWR) in explaining disease severity. Model two 

investigated the predictive value of DXA-measured mass in the total body, neck, 

thoracic, abdominal, android, and gynoid region. Fat and lean measures were 

expressed as a percentage of total body mass in explaining disease severity. In 

Model three, the relative associations of traditional anthropometric and DXA 

variables with AHI were investigated in a multivariate model. In all three models, 

the predictive value of age, BMI, ESS, Mallampati score, and pharyngeal grade were 

investigated. Models were adjusted for these covariates only when they were 

significantly associated with log transformed AHI. All continuous covariates were 

centred for (multivariate) regression analysis to reduce co-linearity. This was 

justified during forward stepwise-regression diagnostics in ensuring models 3a 

and 3b met the assumptions of normality, linearity and homoscedasticity. 

Statistical significance for univariate models was defined at the 5% level; however, 

because our initial aim was to develop and compare 3 models, we used a revised 

P-value threshold of < 0.017 to determine statistical significance in multivariate 

models. The study had 80% power at the α 0.05 level to detect an effect size of at 

least 0.15 loge(events/h) in men and 0.23 loge(events/h) in women for the DXA-

measured mass covariates, which had a standard deviation of approximately 2. 
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5.5 Results 

5.5.1 Characteristics of the case series 

The study sample comprised 60 men and 36 women, which is similar to 

the sex ratio of WASHS [χ2 [degrees of freedom (DF) 1] = 0.0117, P-value = 0.9]. Likewise the 

DXA group was typical of WASHS case series for age, AHI, traditional 

anthropometric measures, and ESS score (P-value > 0.05). Within the study 

sample, there were no significant differences in age, ESS, or BMI between men and 

women (Table 5.1). Men were heavier, taller, and had thicker necks than women, 

on average (P-values < 0.001). Men and women also differed significantly in 

measures of disease severity; men, on average, had a higher AHI, lower mean 

oxygen saturation, more severe lowest oxygen saturation, and higher frequency of 

times during the night with an oxygen saturation of less than 90% (Table 5.1). 

Participants were mostly overweight (18%, BMI 25.0 - 29.9 kg/m2) or obese 

(68%, BMI > 30.0 kg/m2). The proportion of obese participants did not differ by 

sex. Men were more likely to have an AHI in the severe range [42% men versus 

19% women had > 40 events/h, χ2(DF = 1) = 4.1, P-value = 0.04]. Oropharyngeal 

measurements showed 54% of participants had a Mallampati score of III or IV, and 

this did not differ by sex [55% men versus 50% women, χ2(DF = 1) = 0.2, P-value = 

0.7]. A greater proportion of men had a crowded oropharynx [pharyngeal grade III, 

IV, or not visible in 73% men versus 41% women, χ2(DF = 1) = 5.2, P-value = 0.02].  

  



CHAPTER 5: SEX DIFFERENCES, REGIONAL FAT & OSA 

~ 112 ~ 

Table 5.1: Characteristics of the study population 

 

Men 

(n = 60) 

Women 

(n = 36) 

P-value 

Age (years) * 50 (14) 51 (14) N.S. 

AHI (events/hr) † 33 (41) 15 (21) <0.001 

Mean SaO2 † 93 (4) 95 (2) 0.002 

Lowest SaO2 † 86 (14) 89 (5) 0.004 

Number of times SaO2 <90% † 163 (1103) 8 (135) 0.004 

Weight (kg) * 98 (17) 89 (22) 0.03 

Height (cm) * 175 (7) 161 (7) <0.0001 

BMI (kg/m2) * 32 (5) 34 (8) N.S. 

ESS (a.u.) * 10 (5) 10 (5) N.S. 

Neck circumference (cm) * 44 (4) 38 (4) <0.001 

Waist circumference (cm) * 111 (13) 105 (18) N.S. 

Hip circumference (cm) * 112 (10) 120 (16) 0.002 

WHR * 1.0 (0.1) 0.9 (0.1) <0.0001 

NWR * 0.37 (0.03) 0.40 (0.04) <0.0001 

*=Mean (SD); †=Median (IQR); N.S.= P-value not significant (>0.05). WHR=Waist-to-Hip 
Ratio, NWR=Neck-to-Waist Ratio; ESS= Epworth sleepiness score; a.u.=arbitrary units. 
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5.5.2 Body morphology 

Dual energy X-ray absorptiometry-quantified fat and lean mass in body 

regions for each sex are shown in Table 5.2. Although men and women were 

similar with respect to age, ESS score, and BMI, there were significant sex 

differences with regard to the percentage of lean and fat tissue, both in the whole 

body and regionally. In all areas of the body, men had a greater percentage of lean 

mass in comparison with women. Men and women had similar percentages of fat 

in the neck region, but the ratio of fat-to-lean tissue in the neck was 0.45 (SD 0.15) 

in men and 0.65 (SD 0.19) in women (P-value < 0.000001). In all other regions, 

men had a significantly lower percentage of fat. Men had a greater proportion of fat 

located in the central regions (PCR = 0.6 in men and 0.8 in women; Table 5.2). 

Given that men and women differed both in measures of obesity and disease 

outcome, predictive models were generated separately for each sex. 
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Table 5.2: Sex differences in dual-energy X-ray absorptiometry quantified regional body 
mass 

 
Men 
Mean (SD) 

Women 
Mean (SD) 

P-value 

Total body mass    
% fat 33 (7) 46 (5) <0.0001 
% lean 63 (6) 51 (5) <0.00001 

PCR 0.6 (0.2) 0.8 (0.2) <0.0001 

BMD (g/cm3) 1.3 (0.1) 1.2 (0.1) <0.0001 

Thoracic mass    
% fat 10 (3) 12 (3) 0.0002 
% lean 18 (2) 16 (2) <0.00001 

Abdominal mass 
   

% fat 10 (2) 12 (2) <0.00001 
% lean 13 (1) 12 (1) <0.00001 

Android mass 
   

% fat 4 (1) 5 (1) 0.01 
% lean 5 (1) 4 (1) <0.00001 

Neck mass 
   

% fat 0.7 (0.2) 0.8 (0.2) N.S. 
% lean 1.6 (0.3) 1.2 (0.2) <0.00001 

Trunk mass 
   

% fat 21 (5) 25 (4) <0.0001 
% lean 31 (3) 27 (3) <0.00001 

Gynoid mass 
   

% fat 5 (1) 8 (1) <0.0001 
% lean 10 (1) 8 (1) <0.00001 

% fat = fat in region (g) / total body mass (g) x 100; % lean = lean tissue in region (g) / 
total body mass (g) x100;PCR = peripheral central ratio of fat = (fat in the total body – fat 
in the trunk) / fat in the trunk; BMD = bone mineral density (g x 103) 
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5.5.3 Predictors of severity of obstructive sleep apnoea in men 

Of the DXA-measured obesity variables, percentage of fat in the abdominal 

area was the best univariate predictor of AHI in men (Table 5.3) and explained the 

most variance in AHI (r2 = 16%). The thoracic and android region explained a 

similar amount of variance in AHI (r2 = 15 & 14%). Of anthropometric measures, 

neck circumference and weight were comparable with DXA-measured fat; both 

explained 17% of the variance of AHI (Table 5.4). Neither percentage of fat nor 

lean tissue in the neck appeared to be associated with severity of OSA in men. 

Univariate analyses suggested that BMI was the least predictive anthropometric 

measurement in men (Table 5.4: r2 = 11%). Bone mineral density was significantly 

associated with OSA severity in men at the univariate level (Table 5.3).  

Multivariate analysis using only traditional anthropometric measures to 

characterise obesity suggested that ESS score and neck circumference predicted 

28% of the variance in AHI in men (Table 5.5: model 1a). When only DXA-

measured mass variables were included, percentage of fat in the abdominal region 

was the best predictor of OSA severity (r2 = 29%; Table 5.5: model 2a). In Model 3, 

where both traditional anthropometric measures and DXA-measured mass were 

considered, percentage of fat in the abdominal region and NWR accounted for 37% 

of the variance in AHI (Table 5.5: model 3a). 

5.5.4 Predictors of severity of obstructive sleep apnoea in women 

In women, percentage of fat in the android region was the best univariate 

predictor of AHI (r2 = 26%); however, percentage of fat in the neck and thoracic 

regions explained comparable variance in AHI (Table 5.3). The best 

anthropometric measurement of obesity in women was BMI, but this measurement 
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was a poorer predictor than DXA-measured variables (Table 5.4). In women, 

unlike men, the ESS score was not significantly associated with disease severity; 

however a narrow airway (pharyngeal grade: ≥ III versus ≤ II) was.  

Multivariate analysis suggested that this association was not independent of 

BMI or fat in the android region. Further, multivariate modelling of only traditional 

anthropometric measures and only DXA-measured mass suggested that BMI 

(Table 5.5: model 1b) and DXA-measured percentage of fat in the android region 

(Table 5.5: model 2b) were the best independent predictors of AHI in women. 

However, Model 3, in which the traditional anthropometric measures and DXA-

measured obesity were investigated in the same multivariate model, suggested 

that the overall independent predictors of AHI in women were percentage of fat in 

the neck region and BMI, which together explained 33% of the variance in AHI, 

though this failed to reach statistical significance after correction for multiple 

comparisons (Table 5.5: model 3b). 
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Table 5.3: Univariate dual-energy X-ray absorptiometry measured predictors of log-transformed apnoea hypopnoea index 

 

 

 Men    Women   
 r2  (95% CI) P-value  r2  (95% CI) P-value 
Neck region        

Fat (%) 0.06 0.96 (-0.01, 1.93) N.S.  0.25 2.51 (1.01, 4.00) 0.002 
Lean (%) 0.02 -0.36 (-1.10, 0.38) N.S.  <0.01 0.04 (-1.63, 1.71) N.S. 

Thoracic mass        
Fat (%) 0.15 0.12 (0.05, 0.19) 0.001  0.24 0.18 (0.07, 0.29) 0.003 
Lean (%) 0.04 -0.09 (-0.20, 0.03) N.S.  <0.01 0.01 (-0.17, 0.18) N.S. 

Abdominal mass        
Fat (%) 0.16 0.14 (0.06, 0.23) 0.001  0.17 0.21 (0.05, 0.37) 0.01 
Lean (%) 0.09 -0.17 (-0.32, -0.03) 0.02  0.02 -0.13 (-0.46, 0.20) N.S. 

Android mass        
Fat (%) 0.14 0.31 (0.11, 0.52) 0.003  0.26 0.63 (0.27, 0.99) 0.001 
Lean (%) 0.11 -0.65 (-1.14, -0.16) 0.01  0.01 0.29 (-0.63, 1.20) N.S. 

Trunk mass        
Fat (%) 0.15 0.07 (0.03, 0.11) 0.002  0.16 0.11 (0.02, 0.19) 0.02 
Lean (%) 0.12 0.11 (-0.18, -0.03) 0.006  0.03 -0.07 (-0.20, 0.07) N.S. 

Gynoid mass        
Fat (%) 0.04 0.13 (-0.04, 0.31) N.S.  <0.01 0.02 (-0.25, 0.29) N.S. 
Lean (%) 0.10 -0.27 (-0.48, -0.05) 0.02  0.12 -0.44 (-0.84, -0.04) 0.04 

Total body mass        
Fat (%) 0.12 0.04 (0.01, 0.07) 0.006  0.16 0.08 (0.02, 0.14) 0.02 
Lean (%) 0.12 -0.05 (-0.08, -0.01) 0.007  0.13 -0.08 (-0.15, -0.01) 0.03 
BMD (g/cm2) 0.10 2.41 (0.49, 4.33) 0.02  0.05 2.29 (-1.07, 5.65) N.S. 
PCR 0.13 -1.54 (-2.56, -0.51) 0.004  0.04 -1.24 (-3.20, 0.72) N.S. 

Fat % = (fat (g) / total body mass (g)) *100; Lean % = (lean mass (g) / total body mass (g)) *100; a.u.=arbitrary units; PCR = peripheral 
central ratio of fat = (fat in the total body – fat in the trunk) / fat in the trunk x 100; N.S.=P-value not significant (>0.05) 
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Table 5.4: Univariate standard anthropometric predictors of log-transformed apnoea hypopnoea index 

 Men  Women 

 r2  (95% CI) P-value  r2  (95% CI) P-value 

BMI (kg/m2) 0.11 0.05 (0.01, 0.09) 0.01  0.21 0.06 (0.02, 0.10) 0.005 

Neck circumference (cm) 0.17 0.08 (0.04, 0.13) 0.001  0.10 0.10 (0.02, 0.19) 0.02 

Waist circumference (cm) 0.16 0.10 (0.02, 0.19) 0.02  0.19 0.03 (0.01, 0.04) 0.008 

Weight (kg) 0.17 0.02 (0.01, 0.03) 0.001  0.14 0.02 ( 0.01, 0.03) 0.03 

WHR 0.05 2.24 (-0.45, 4.92) N.S.  0.13 5.00 (0.53, 9.47) 0.03 

NWR <0.01 -2.06 (-9.67, 5.56) N.S.  0.11 -9.4 (-18.35, -0.47) 0.04 

Age (years) <0.01 0.01 (-0.01, 0.02) N.S.  <0.01 0.01 (-0.02, 0.03) N.S. 

FVC (L) 0.03 0.17 (-0.11, 0.44) N.S.  0.04 -0.28 (-0.85, 0.29) N.S. 

ESS (a.u.) 0.16 0.07 (0.03, 0.11) 0.001  <0.01 0.01 (-0.06, 0.07) N.S. 

Narrow airway† 0.05 0.37 ( -0.06, 0.79) N.S.  0.12 0.79 (0.03, 1.56) 0.05 

Mallampati score (Ref: I) 0.04    0.08   

II  -0.57 (-1.36, 0.23) N.S.   0.40 (-0.62, 1.43) N.S. 

III  -0.43 (-1.24, 0.38) N.S.   0.61 (-0.39, 1.60) N.S. 

IV  -0.40 (-1.22, 0.43) N.S.   0.96 ( -0.29, 2.21) N.S. 

N.S.=P-value not significant (>0.05); ESS= Epworth sleepiness score; BMD = bone mineral density; WHR=Waist-to-Hip Ratio, NWR=Neck-to-Waist Ratio.  
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Table 5.5: Multivariate predictors of log-transformed apnoea hypopnoea index in men and women 

Men  Women 

Mod
el 

r2 Predictors  (95% CI) P-value 
 

Model r2 Predictors  (95% CI) P-value 

1a 0.28 ESS  0.06 (0.02, 0.09) 0.004  1b 0.21 BMI 0.06 (0.02, 0.10) 0.005 
  Neck circumference  0.07 (0.03, 0.12) 0.003       

2a 0.29 ESS  0.06 (0.02, 0.10) 0.003  2b 0.26 Android fat (%) 0.63 (0.27, 0.99) 0.001 
  Abdominal fat (%) 0.13 (0.05, 0.20) 0.002       

3a 0.37 ESS 0.06 (0.03, 0.10) 0.001  3b 0.33 Neck fat (%) 1.92 (0.39, 3.45) 0.02* 
  Abdominal fat (%) 0.21 (0.11, 0.31) <0.00001    BMI 0.04 (0.01, 0.08) 0.04* 
  NWR 10.91 (2.63, 19.20) 0.01       

Models 1a & 1b: Anthropometric measures of obesity; Models 2a & 2b: DXA measures of obesity; Models 3a & 3b: Anthropometric measures and DXA 
measures of obesity; ESS= Epworth sleepiness score; NWR=Neck-to-waist Ratio; * P-values not significant using a multiple correction threshold of 
p<0.017 
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5.6 Discussion 

This study investigated the association of traditional anthropometric 

measures and DXA-measured mass with each other and with OSA severity in a 

well-characterised case series of men and women. When considered separately, 

DXA measures of fat mass were more predictive of OSA severity than were 

anthropometric measures in women. The men and women in this series had 

comparable BMI, but the men had a lower ratio of fat-to-lean body mass in all body 

regions, and neck circumference and weight were as predictive of disease severity 

as DXA-measured fat mass in men. In both men and women, however, a 

combination of anthropometric measurements and DXA-measured mass improved 

this predictive capacity. Dual energy X-ray absorptiometry measures may 

therefore have clinical and epidemiologic utility.  

Results suggest that, in both men and women, it is centrally located rather 

than peripherally located fat that contributes to the pathogenesis and severity of 

OSA. However, there were substantial sex-based differences in the association 

between fat distribution and severity of OSA.  

Neck fat was associated with disease severity in women but not in men, 

whereas neck circumference was associated with OSA severity in both sexes, but 

particularly in men. In the neck, the percentage of fat mass was similar between 

sexes, but the mean ratio of fat-to-lean tissue was 0.45 in men and 0.65 in women 

(P < 0.000001). This would suggest that, in men, lean tissue is a substantial 

contributor to neck circumference. In women, an increased neck circumference 

appears to be more likely to be associated with a disproportionate increase in fat, 

despite the tendency of women to accumulate fat more peripherally, as compared 
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with men. These findings question the commonly held view that the male 

preponderance of OSA is thought to be related to neck fat and its direct 

compressive effect on the airway. Enlarged neck circumference has often been 

attributed to increased adipose tissue in the neck; however, larger studies have not 

directly measured neck fat,26 and MRI-based studies have been conducted using 

male-biased case-control designs with relatively small sample sizes.21-23, 29 

Some studies have found an association between size of parapharyngeal fat 

pads and the presence of OSA using MRI studies exclusively from men 21, 22; 

however, this finding has not been universally replicated.29 Studies including 

women have found fat-pad thickness to be slightly higher in the OSA groups22, 23; 

however these studies had insufficient power to consider the influence of sex on 

fat-pad thickness. These findings conflict with those from a sophisticated 

mixed-sex case-control analysis of the upper airway using volumetric MRI. This 

study demonstrated that all upper airway structures (pharyngeal wall measures, 

soft palate, genioglossus, total tongue, and total soft tissue) were significantly 

larger in those with OSA than in control subjects, even after accounting for 

ethnicity, sex, age and craniofacial size, however, parapharayngeal fat pad volumes 

were not statistically significantly different.27 When visceral fat in the neck was 

used as an adjustment for the effect of obesity, Schwab et al27 found that soft palate 

sizes were still larger in those with OSA than in control subjects. This would 

suggest that obesity influences upper airway volumes but other factors 

significantly contribute as well, particularly in soft palate volume. Although based 

on greater case numbers than in previous MRI studies using sex- and 

ethnicity-matched control subjects, the Schwab study did not investigate whether 

there were sex-based differences in the association between fat distribution and 

presence of OSA.27 The design of the study in this chapter is unique in that it used a 
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relatively large sample of women to investigate the mechanistic effects of total fat 

volume on severity of OSA within a clinical sample using DXA and found an 

association between the proportion of fat in the neck and severity of OSA. It should 

be noted that this association was not statistically significant when corrected for 

multiple comparisons; nevertheless, this exploratory work suggests that a 

mechanism underpinning this direct relationship could be through the influence of 

fat on extraluminal tissue pressure and, thereby, the compressive force on the 

upper airway. 

Percentage of abdominal fat was most clearly associated with OSA severity in 

men. Computer tomography-derived visceral adipose tissue in the abdomen has 

been found to correlate with AHI,28 a finding replicated in a nuclear MRI study of 

60 men.29 Importantly, the MRI study, unlike the CT study, also measured 

subcutaneous neck fat and peripharyngeal fat in the airway and concluded that fat 

accumulation in the neck was not associated with OSA severity in men.29 Hence, 

our findings agree with an MRI-based study of similar power and design. The role 

of abdominal fat in upper airway instability is increasingly recognised: recumbent 

abdominal obesity is likely to be associated with increased craniad displacement of 

the diaphragm, decreasing longitudinal tracheal traction and increasing propensity 

for upper airway collapse.168 Accumulation of fat in the chest wall (abdominal and 

thoracic) also decreases functional residual capacity, particularly when the 

individual is recumbent and asleep, increasing intrathoracic pressure and thereby 

extramural tissue pressure at the thoracic inlet, further increasing upper airway 

collapsibility.169 

Other related studies have used MRI in a case-control design to investigate 

the role of visceral fat in the pathogenesis of OSA. Our study concentrated on the 
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mechanistic effects of total fat volume on severity of OSA within a clinical sample 

using DXA, which cannot distinguish between subcutaneous and visceral fat, nor 

can it identify the anatomic distribution of the fat. Distribution of fat laterally in the 

neck has been purported to be important; however, this view is not substantiated 

by the current literature.219 Computer tomographic imaging is currently 

considered the gold standard technology for measuring fat mass, but the present 

study did not compare DXA-measured obesity with either CT or MRI imaging 

studies, since it was not a viable option to screen large numbers of patients with 

OSA with either of these technologies due to cost and, in the case of CT, high 

radiation dose.136 A limitation of DXA is that it does not discriminate visceral from 

subcutaneous fat. However, larger subjects who may experience greater 

claustrophobia in CT or MRI scanners are more likely to consent to a DXA scan. The 

relatively small sample size of MRI and CT studies, coupled with a lower response 

fraction, leave these studies open to sources of bias. Dual energy X-ray 

absorptiometry-measured total fat volume has been found to predict visceral fat 

better than anthropometric measures in some studies131, 132 but not others.130, 133 

Regardless, correlation between total fat volume measured by DXA and CT is high, 

particularly in people with greater abdominal fat.130  

The study described in this chapter sought to determine the predictive value 

of DXA measures of regional obesity on the severity of OSA, as compared with 

traditional surrogate measures of obesity, such as neck and waist circumference 

and BMI. Total and regional measures of obesity were quantified using DXA which 

has good precision (99%) for the total body fat mass; however, precision is 

reduced for regional definitions of mass.220 This study customised three regions of 

interest: the neck, the thoracic region, and the abdominal region, based upon bony 

landmarks and soft tissue, which were more complex in definition than standard 
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regions, such the trunk and android regions. This is a novel application of DXA. 

Previous studies investigating the predictive value of DXA-measured regional fat in 

comparison with anthropometric surrogates have largely concentrated on the 

abdominal region in association with metabolic risk factors - studies in which 

visceral fat is considered pathogenic. Most,129, 134, 135 but not all,136, 137 concluded 

that DXA-measured abdominal fat is a better predictor of metabolic risk factors 

than are anthropometric surrogates.  

The pathogenesis of OSA is heterogeneous within the population, with risk 

factors differing among subgroups of individuals. Clinical epidemiologic studies 

often rely upon BMI or waist circumference to control for the confounding 

influence of obesity when investigating risk factors. In this study the sample of 

men and women were similar with respect to both BMI and waist circumference, 

yet clear sex differences were demonstrated in fat and lean mass in the whole body 

and regionally (P < 0.0001). This finding indicates that reliance upon BMI or waist 

circumference alone to measure obesity, which confounds the relationship 

between almost all cardiovascular and metabolic risk factors, is likely to 

misrepresent the potentially important influence of regional obesity.  

Results from this chapter showed that a combination of anthropometric and 

DXA measures predicted 33% to 37% of the variance associated with OSA severity. 

Although these results support the hypothesis that central obesity is an important 

mediator of severity of OSA in men and women, there are clearly other 

contributing factors—such as airway dimension, ethnicity, and menopause status 

in women—that were not considered by the scope of this study. There is 

increasing evidence that pathogenesis and severity of OSA is mediated by genetic 

components; however, these factors are likely to differ between ethnic groups,56, 98 
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with varying environmental mediators at large across discrete populations. 

Intermediate phenotypes may be more informative than AHI in examining causal 

relationships. This study has demonstrated that DXA combined with standard 

anthropometry could be a valuable method for examining obesity-related genetic 

factors. 

5.6.1 Limitations 

These findings were based upon relatively small numbers (60 men and 36 

women, with no data on hormonal status) and therefore should be interpreted 

with caution. Nevertheless, the numbers are large relative to comparable studies. 

Furthermore, the allocation of patients to recruiting physicians was random, which 

would reduce selection bias. Formal statistical comparisons indicated that the sub-

sample measured by DXA was representative of the WASHS population with 

regard to age, sex, indexes of disordered breathing, traditional anthropometric 

measures, upper airway characteristics, and ESS scores. The WASHS case series is 

a large sample of individuals with sleep disorders, with the majority diagnosis 

being OSA. The physical limits of the DXA machine would have excluded 30% of all 

male WASHS patients, of which 26% were excluded because of height, not weight, 

restrictions. An independent t test of the mean natural log transformed AHI score 

of WASHS men who would have exceeded the limits of the DXA system (in 

comparison with those who would not) was not significant. This would suggest 

that, although the limits of the DXA system used would have excluded a significant 

proportion of the total male clinical sample, the criteria for exclusion were not 

related to OSA severity. On this basis, the results from the subsample of men 

characterised by DXA were representative of men attending a sleep clinic. In 

women, a small proportion of WASHS patients (7%) would have been excluded by 
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the physical limitations of the DXA machine, largely due to obesity (~ 6%), and 

those excluded represented women with more severe OSA (mean AHI 58 versus 25 

events/h; independent t test of the mean natural log transformed AHI in WASHS 

patients excluded versus not excluded P-value < 0.001). However, the direction of 

the bias was such that inclusion of larger women and those with more severe OSA 

would likely strengthen the associations found in our subsample. Thus, although 

sample size was modest and restricted by the physical limits of the DXA system 

used, the participants were characteristic of a much larger sleep clinic sample, and 

results are likely to be generalisable to this and similar populations. 

5.6.2 Implications of findings 

In summary, this study found that both DXA and anthropometric measures 

predict a similar proportion of OSA severity; however, AHI was best predicted by a 

combination of DXA-measured mass and anthropometric measurements. This 

study has shown that a pattern of central obesity is associated with OSA severity, 

although the pattern of association of regional obesity with AHI is different for 

each sex. In women, a direct influence of neck fat on the upper airway patency is 

implicated. In men, abdominal obesity, which has more indirect effects on the 

upper airway, appears to be the predominant obesity-related influence.  

This study highlights three issues pertinent to future research of OSA. Firstly, 

the use of anthropometric measures such as waist circumference and BMI, which 

are almost universally used to characterise obesity in research studies, dilute 

important sex differences that influence the role of obesity in OSA. Secondly, the 

obesity-related sex differences found support the already accepted hypothesis that 

OSA is a heterogeneous disorder. Therefore, intermediate phenotypes, like 

regional obesity, may represent a more informative approach in examining causal 
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relationships in OSA populations, including genetic associations, which are an 

under-researched but important future direction for OSA research. This study 

indicates that DXA combined with standard anthropometry could be a valuable 

method for examining obesity-related genetic factors. Thirdly, women have been 

underrepresented in sleep research. This has been useful to the understanding of 

the pathogenesis in men, but the results are not generalisable to women with OSA, 

who, according to the parent WASHS case series from which this study is a 

representative subsample, constitute approximately one third of the burden of 

OSA cases. Future research should seek to characterise the heterogeneous 

pathology of OSA using large samples that adequately represent persons who 

develop OSA. 
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6 Physical inactivity is associated with moderate-severe 

obstructive sleep apnoea independent of body mass 

index 

6.1 Foreword 

The relationship between obesity and OSA was investigated at the genetic 

level by the study presented in chapter 4 and by assessing regional fat distribution 

in chapter 5. The studies described in chapter 6 examine the role of environmental 

contributions in the development of OSA. Specifically, it examines the contribution 

of physical activity and inactivity to OSA severity. The study outlined in this 

chapter used questionnaire-based proxy measures of recreational exercise and 

physical demands of occupations, for which the methods of calculation were 

outlined in chapter 3. Additionally this study used the method outlined in chapter 

3 to select a community sample with a high post-test probability of AHI 

< 15 events/h to compare with moderate-severe cases of OSA.  

This chapter was formulated based on the following information from recent 

published literature: (i) there is evidence that vigorous exercise may modify risk of 

OSA and (ii) there is evidence that inactivity, as a separate factor from activity, may 

play a role in cardiometabolic risk. To investigate the role of activity and inactivity, 

qualitative categories ranging from nil to vigorous were used. This builds on 

existing knowledge where the hypothetical scope of the research was limited to 

examining only the dichotomy between high levels of exercise versus all other 

levels of exercise on the odds of developing OSA. Further, since occupation 

comprises a large proportion of daily physical activity, this study presents the 
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novel use of an established methodology to characterise the physical demands of 

occupation and its role in the risk of moderate-severe OSA. 

6.2 Abstract 

Study objectives: This study (i) determined whether low physical activity in 

occupational and recreational pursuits were associated with increased occurrence 

and severity of OSA; and (ii) examined differences in symptom profile (excessive 

daytime tiredness, fatigue, depression and driving risk) between inactive and 

active OSA cases. 

Design: Case-control study. 

Participants: OSA cases comprised participants in the WASHS following referral to 

WASDRI for suspected OSA [AHI ≥ 5 events/h; n = 2340, of which 1,769 had 

moderate-severe OSA (AHI ≥ 15 events/h)]. Controls (n = 1,931) comprised 

participants in the 2005 - 2007 recruitment phase of the BHS. 

Measurements and main results: Recreational exercise and occupational activity  

were coded from questionnaire responses. Associations were modelled using 

logistic and linear regression, adjusted for BMI, age, sex, alcohol consumption and 

smoking. In comparison with moderate exercise, high, low, and nil exercise had OR 

for moderate-severe OSA of 0.6 (95% CI 0.5 - 0.8), 1.6 (95% CI 1.2 - 2.0), and 

2.7 (95% CI 1.9 - 3.7), respectively. In comparison with medium activity 

occupations, the light and sedentary occupations had OR of 1.8 (95% CI 1.4 - 2.4) 

and 1.5 (95% CI 1.1 - 2.0) respectively, but heavy/very heavy occupations were not 

statistically different (OR=0.7; 95% CI 0.5 - 1.1). Activity levels among cases were 

not related to AHI but more activity was associated with less doctor diagnosed 

depression (P-value = 0.047) and self-reported fatigue (P-value < 0.0001). 
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Conclusions: Low levels of exercise and occupational activity are associated with 

moderate-severe OSA independent of BMI. Low activity was also associated with 

symptoms of depression and fatigue. 

6.3 Introduction 

Sedentary, or low activity, lifestyle has been associated with DM and 

cardiovascular disease122 but not OSA. The incidence of OSA is higher among those 

who rarely undertake vigorous activity19 but it is unknown whether sedentary 

behaviour and low levels of daily activity are related to OSA. Occupation can be 

used to provide a proxy measure of daily activity but this has not previously been 

considered with respect to OSA. Recreational exercise and the physical demands 

related to occupation account for a large proportion of daily energy expenditure in 

an individual. 

Exercise may be a modifiable factor that reduces risk of OSA. Longitudinal 

data from the WSCS suggests reduced incidence of OSA in those who exercise 

regularly.19 Two cross-sectional studies reported lower odds of moderate-severe 

OSA in those with high exercise levels.175, 179 Adequate recreational exercise is 

defined by Australian and US national guidelines as moderate intensity physical 

activity for at least 150 minutes each week.177, 178 However, most studies 

dichotomise their samples comparing vigorous exercise with all other activity 

levels as baseline.19, 179 Only one community sample of OSA subjects has quantified 

nil exercise as a separate category from low levels of exercise.175 Using nil exercise 

as the reference group their study showed there were progressive reduction in 

odds of moderate-severe OSA across low, moderate and vigorous exercise 

categories.175  
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Time spent in recreational exercise usually represents a small proportion of 

the total hours in a week.186 Low levels of activity at other times may increase 

cardiometabolic risk, independent of BMI and exercise.32, 122, 181, 182 Sitting, or states 

of low energy expenditure (< 1.5 METs30), have been postulated to adversely affect 

lipoprotein metabolism and other metabolic processes, even when adequate 

exercise is taken.31, 32 Physically active adults who watched more hours of TV had 

increased odds of abnormal glucose metabolism and metabolic syndrome.122 

Longitudinal measurement of time spent watching TV and time in automobiles 

suggested that these inactive behaviours can increase cardiovascular disease-

related mortality by up to 80%.122  

Inactive behaviour within occupations is increasingly prevalent. Fifty per 

cent of workers undertook at least moderate physical intensity occupation in 1960 

and this had declined to 20% of workers by 2006.186 One study examined 

occupation and risk of hospitalisation due to OSA in a large cohort of Swedish 

workers,221 its primary hypothesis being that socioeconomic status would affect 

hospitalisation rates. Although physical activity was not directly measured, in men 

only, occupations with high physical demand (e.g. farmers, gardeners, wood 

workers, painter/decorators) had lower standardised incidence ratios for 

hospitalisation for OSA.221 Conversely, some low demand occupations (e.g. 

administrator/manager, sales agents, shop assistants, drivers) had higher 

standardised incidence ratios of hospitalisation for OSA. Thus, the physical 

demands of occupation may capture an important component of sedentary 

behaviour. 

The study in this chapter characterised recreational exercise activity186 and 

occupational physical demands182, 187 using a large case-control study design of 
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moderate-severe OSA cases (AHI ≥ 15 events/h) and representative controls from 

a general population sample. The hypothesis was tested that low levels of activity 

in occupation and recreational time would be associated with the presence of 

moderate-severe OSA. A secondary hypothesis was that within all OSA cases 

(AHI ≥ 5 events/h) inactivity would be associated with increased severity of OSA 

and a more severe symptom profile of excessive daytime tiredness, fatigue, 

depression and driving risk. 

6.4 Methods 

6.4.1 Study participants 

OSA cases comprised participants in the WASHS at the WASDRI sleep clinic 

between January 2006 and June 2009.114 Obstructive sleep apnoea severity was 

defined by the AHI1 derived from laboratory-based overnight PSG (Profusion 2, 

Compumedics, VIC, Australia). Polysomnography methodology for this case series 

has been previously described (section 4.4.2, page 85).1  

Apnoea hypopnea index was defined as the number of apnoea plus 

hypopnoea events/h of sleep. Patients were categorised as mild OSA: 5.00 - 14.99 

events/hour; moderate OSA: 15.00 - 29.99 events/h; or severe OSA: ≥ 30.00 

events/h. Patients with AHI < 5 events/h and those on therapy were excluded. 

Patients with prior diagnosis of any co-morbidity likely to cause low activity levels 

such as other sleep disorders, lung disease causing moderate-severe ventilatory 

impairment, heart disease with impaired exercise tolerance and 

neurodegenerative disorders were also excluded (Figure 6.1).  
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A) Case selection       B) Control selection 

Figure 6.1: Overview of sample selection and their use in the analysis 

The control sample was retrospectively generated from the 2005 - 2007 

cross-sectional component of the BHS, a community-based longitudinal study 

involving a sex and age stratified random sample (n = 2,935) of the 2005 electoral 

roll.188 Laboratory PSGs were not performed on this sample. However, a sample 

with low risk of moderate-severe OSA was identified using the absence of 

hypertension [measured using manual sphygmomanometer or snoring less than 

1 - 2 times per month (Figure 1)]. These criteria had 92% post-test probability of 

AHI < 15 events/h in a general population sample (chapter 3).189  

Study protocols and informed consent documents were approved by the Sir 

Charles Gairdner Hospital and University of Western Australia Human Research 

Ethics Committees.  
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6.4.2 Measurements and parameters: 

Symptom profile was derived from variables which were coded from 

questionnaire responses. Excessive daytime sleepiness was defined as an ESS 

greater than ten.222 Fatigue after waking was measured using the following 

frequency scale (never, rarely: < 1/week, sometimes: 1 - 2/week, 

frequently: 3 - 4/week, always: 5 - 7/week). Self-report of doctor diagnosed 

depression was recorded. 

Driving crash rate was calculated from self-report of number of crashes 

adjusted by years of driving. Smokers were categorised as never, former or current 

smokers and pack/years calculated.  

Alcohol exposure was measured differently in cases and controls. Cases 

recorded frequency scales for the number of days per week they consumed alcohol 

(0 - 7) and the typical number of drinks per night consumed (1 - 2, 3 - 5, 6 - 9, 10+). 

The mean number of alcoholic drinks per night was used to calculate total 

standard drinks per week. Controls were asked to recall standard drinks per week 

for different beverage types (light beer, mid beer, white wine, etc.) and these were 

summed together.  

Recreational activity and occupational demand, and the combination of these 

two variables were calculated as outlined by the method in Section 3.4.4, page 67. 

6.4.3 Statistical analysis 

Categorical variables were described using crosstabulations. Normally 

distributed continuous variables were described using mean and standard 

deviation and variables with skewed distribution using the median and IQR. 

Univariate differences between cases and controls were tested using either χ², 
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Students t test, or a Mann-Whitney U test, depending upon the distribution of the 

independent variable being compared.  

The study involved three main analytic investigations, all employing 

generalised linear modelling, but different sample groupings. Firstly, when 

comparing OSA cases to controls, cases with an AHI < 15 events/h were excluded 

to remove potential overlap with undiagnosed mild OSA in the control group 

(Figure 6.1). Consequently, the ORs from logistic regression of case and control 

data refer to moderate-severe OSA (AHI ≥ 15 events/h). Secondly, the relationship 

between activity levels and severity of OSA were examined using natural log 

transformed AHI as the outcome. These analyses used only cases of OSA and the 

full spectrum of severity was considered such that all cases with an AHI ≥ 5 

events/h were included. Thirdly, to investigate whether inactivity related to 

increased symptom severity, all cases with AHI ≥ 5 events/h were dichotomised 

into either active or inactive and compared using logistic regression. All regress ion 

analyses were multivariate employing a forwards variable entry method. 

Interaction terms between alcohol and tobacco intake were considered and 

retained where analysis of deviance suggested improvement in the model. Data 

were analysed using R version 2.8.1 (2008, The R Foundation for Statistical 

Computing), SimHap208 and PASW Statistics GradPack17.0 (2009).  

6.5 Results 

6.5.1 Characteristics of cases and controls 

Figure 6.1 provides an overview of sample selection for cases and controls. 

Table 6.1 summarises characteristics of the cases and control samples. The full 

case sample comprised 2,340 participants (63% male). Men had more severe OSA 
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with a median AHI of 31.7 events/h of sleep (IQR 17.7-55.0) compared with a 

median AHI of 21.6 events/h of sleep (IQR 12.3-37.4) in women (P < 0.001). 

Moderate or severe OSA was present in 76% of the case sample (n = 1,769; of 

which 68% were men). Sleep efficiency, ESS, rate of motor vehicle accidents, 

proportion reporting depression, and fatigue symptoms, recreational exercise, and 

occupational exercise did not differ statistically between all cases and those with 

moderate-severe OSA (AHI ≥ 15 events/h). 

Case and control comparisons were made using cases with AHI 

≥ 15 events/h. Body mass index was a major point of difference between cases and 

controls (Table 6.1). Mean BMI in moderate-severe cases was in the obese range 

(31.6 ± 6.0 kg/m2 in men and 33.9 ± 8.6 kg/m2 in women) whereas in controls 

mean BMI was in the overweight range (27.5 ± 3.9 kg/m2 in men and 

26.6 ± 5.3 kg/m2 in women). Range and standard deviation of BMI were more 

dispersed in moderate-severe cases with 9.1% of men and 19.8% of women being 

morbidly obese (BMI ≥ 40kg/m2). In comparison, less than 1% of controls were 

morbidly obese. Thus moderate-severe cases were more obese than general 

population controls and BMI was a significant covariate in all multivariate models. 

The case sample had greater tobacco exposure while the control sample had 

greater alcohol exposure (Table 6.1). Although age was similar, dispersion around 

the mean was greater in controls (Table 6.1). As a result, all multivariate case-

control analyses were adjusted for age, sex, BMI, smoking and alcohol as 

covariates.  

6.5.2 Activity and odds of moderate-severe obstructive sleep apnoea 

Recreational exercise was lower among the moderate-severe cases, in 

comparison with controls (Table 6.1). ‘Adequate’ exercise (at least moderate 
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weekly exercise) was reported in 48% of male and 42% of female moderate-severe 

OSA cases. By comparison, in controls 69% of males and 66% of females reported 

this same level of activity. Recreational exercise was not undertaken by 22% of 

men with moderate-severe OSA and by 9% of men in the control group (P < 0.001). 

In women, 21% of moderate-severe OSA cases versus 7% of controls did not 

engage in recreational exercise (P < 0.001).  

Table 6.2, model 1 shows the odds of moderate-severe OSA among different 

activity categories in comparison with the reference group: moderate recreational 

exercise. There was a clear relationship between recreational exercise and odds of 

OSA, which persisted after adjustment for confounders (Table 6.2). Those 

reporting high recreational exercise had reduced odds (OR=0.6, 95% CI 0.5  - 0.8) 

of moderate-severe OSA, whilst low and nil exercise were associated with 1.6 and 

2.7 odds of moderate-severe OSA. 

Occupational activity differed between moderate-severe cases and controls 

(Table 6.1). Sedentary work was undertaken in a similar proportion of case and 

control men (23% versus 19%). However, a greater proportion of cases were 

engaged in work of light activity (33% versus 27% of controls). Thus, men with 

moderate-severe OSA were more likely to be employed in sedentary or light 

activity occupations than general population controls (P < 0.001). In women, 

sedentary occupations were more common in moderate-severe cases than controls 

(31% versus 21%; P < 0.001). Table 6.2, model 2 demonstrates that sedentary and 

light activity occupations had a 1.5 and 1.8 fold increase respectively in the odds of 

moderate-severe OSA in comparison with medium activity occupations. These 

findings were significant after adjusting for sex, age, BMI, smoking, alcohol intake 
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and smoking. By comparison, the OR for heavy and very heavy occupations was 

lower (OR=0.7; 95% CI 0.5 - 1.1). 
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Table 6.1: Summary of obstructive sleep apnoea cases and controls 

 Cases  Controls  

 Total Moderate–severe   P-value 

n 2340 1769  1931  

Women, %(n) 37 (860) 32 (571)  57 (1097) <0.01 

Age (years) 50±14 51±13  51±18 0.30 

BMI (kg/m2) 32.5±7.1 33.3±7.1  26.2±4.4 <0.01 

Alcohol (10g/week) 3.0 (0.0-10.5) 3.0 (0.0-10.5)  6.4 (3.4-10.8) <0.01 

Never smokers, % 42.8 42.3  53.5 

<0.01 

Current smokers, % 

pack years 

22.2 

24 (11-36) 

21.7 

26 (12-37) 

 12.8 

14 (5-31) 

Former smokers, % 

pack years 

35.0 

15 (6-29) 

36.0 

16 (7-29) 

 33.7 

10 (4-23) 

AHI (events/h) 27.6 (15.2-
49.6) 

36.0 (23.5-58.1)  - 
 

Sleep efficiency (%) 74.6±13.0 73.7±13.0  -  

ESS (/24) 9.9±5.4 10.1±5.4  -  

MVA(/10years) 0.4 (0.0-0.9) 0.4 (0.0-0.9)    

Depression 41.2% (934) 40.2% (689)  -  

Fatigue, % (n) 

Never/rarely 

1-5 days/week 

≥5 days/week 

 

12.4 (290) 

45.8 (1068) 

41.7 (973) 

 

13.4 (237) 

46.4 (823) 

39.9 (705) 

  

- 

- 

- 

 

Occupational activity, % (n) 

Sedentary 

Light 

Medium 

Heavy & very heavy 

 

24.9 (343) 

36.3 (500) 

28.9 (398) 

9.8 (135) 

 

24.7 (252) 

35.9 (367) 

29.3 (299) 

10.2 (104) 

  

20.8 (283) 

30.5 (415) 

37.4 (509) 

11.3 (153) 

<0.01 

Recreational exercise, % (n) 

Nil 

Low 

Moderate 

High 

 

20.5 (479) 

34.1 (797) 

16.6 (388) 

28.9 (675) 

 

21.3 (376) 

33.7 (596) 

16.1 (285) 

28.9 (511) 

  

7.4 (143) 

23.3 (448) 

19.6 (378) 

49.6 (955) 

<0.01 

NOTE: Normally distributed continuous data are presented as mean ± SD, P-value 
represents t-test of moderate-severe cases and controls; Skewed data as median 
[interquartile range (IQR)], P-value represents Mann Whitney U test of moderate-severe 
cases and controls; Categorical data presented as percentage of total (%), P-value 
represents P-value from a χ2 statistic; AHI, apnoea-hypopnoea index; BMI, body mass 
index; Depression: self-reported doctor diagnosed depression; MVA, motor vehicle 
accident.  
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Table 6.2: Association of recreational exercise (model 1) and occupational activity (model 2) 
with odds of moderate-severe obstructive sleep apnoea 

  Odds Ratio (95% CI) † P-value 

Model 1: Recreational exercise 
High 
Moderate 
Low 
Nil 

 
0.62 (0.49, 0.79) 
1.00 (Reference) 
1.55 (1.20, 2.01) 
2.66 (1.91, 3.73) 

 
<0.001 

 
<0.001 
<0.001 

Model 2: Occupation activity 
Heavy & very heavy 
Medium 
Light 
Sedentary 

 
0.72 (0.50, 1.05) 
1.00 (Reference) 
1.81 (1.37, 2.40) 
1.47 (1.09, 2.00) 

 
0.092 

 
<0.001 
0.016 

CI, Confidence Interval; † adjusted for age, sex, pack/years, weekly standard drinks and 
BMI  

Figure 6.2 shows the sex stratified ORs for moderate-severe OSA for the 

combined categories of occupational activity and recreational exercise. The 

reference group are those who were active in both occupation and recreation. Men 

who had active occupations but did not exercise in recreation had an OR of 3.18, 

which was comparable to the least active men (inactive in both occupation and 

recreation) who had an OR of 3.68. In comparison, although those with an inactive 

occupation who achieved the recommended national guidelines for physical 

activity had significantly higher odds of OSA, the size of the odds was smaller 

(OR=1.68, 95% CI: 1.2-2.4). These estimates were adjusted for the effect of age, 

smoking, alcohol intake and BMI.  

Like men, women who were inactive in both occupation and recreation had 

the highest odds of moderate-severe OSA (OR=7.70, 95% CI: 4.3-14.4). However, in 

women, occupational activity appeared to modulate risk. Women in an active 

occupation who did not exercise during recreation did not have significantly 

higher odds of moderate-severe OSA than those in an active occupation who did 
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exercise (Figure 6.2). In contrast, women in an inactive occupation who did 

exercise had an OR of 3.2 (95% CI: 1.8-6.0).  

 

Figure 6.2: The adjusted OR (and 95% confidence intervals) for moderate-severe obstructive 
sleep apnoea in men and women based on activity in occupation and recreation. 
The reference category is active in both occupation and recreation. Estimates are 
shown after adjustment for age, BMI, alcohol consumption and smoking. 

6.5.3 Activity and severity of obstructive sleep apnoea 

To examine whether activity was related to log-transformed AHI as a 

continuous measure of OSA severity, all cases with an AHI > 5 events/h were 

included the model. The demographics of this sample are outlined in Table 6.1 

under the column headed ‘Total’ for cases. 

There was no evidence of a relationship between recreational activity and log 

transformed AHI in either univariate or multivariate analyses. Similarly, there 

were no relationships between occupational demand and AHI or log-transformed 

AHI. Further, no statistically significant associations were found when examining 

the relationships between the combined categories of occupation and recreational 

activity and activity levels and severity of OSA (these categories are summarised in 

Table 3.1). 
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6.5.4 Activity and symptom profile in obstructive sleep apnoea cases 

Symptoms reported by OSA cases differed depending upon levels of activity. 

Fatigue was a common complaint of OSA cases (Table 6.1), particularly among 

those who did not engage in any exercise. Multivariate logistic regression 

suggested that doing no exercise was associated with increased odds of reporting 

fatigue every day after adjusting for age, AHI, BMI and sex (OR = 1.4; 95% CI 1.1, 

1.7). There was no association between occupation demand and fatigue symptoms. 

Doctor diagnosed depression was common in OSA cases (Table 6.1). 

Depression was reported in a greater proportion of cases who did low or nil 

exercise in comparison with those who did any sort of exercise activity [57% 

versus 53%: χ2(DF=1)=2.9, P-value = 0.047]. Similarly, a higher proportion of 

depression was reported in cases with a sedentary or light demand occupation in 

comparison with those where occupational demand was medium or greater [43% 

versus 31%: χ2(DF=1)=16.2, P-value < 0.0001]. Multivariate logistic regression 

comparing the most active cases (recreationally and occupationally active) with 

the least active (recreationally and occupationally inactive) revealed an association 

between low activity levels and depression after adjusting for age, AHI, BMI and 

sex (OR = 1.9; 95% CI 1.3, 2.8). 

Mean ESS did not differ amongst the different exercise or occupation 

categories. Similarly, there was no statistical difference in the crash rate per 

decade of driving amongst exercise and occupation categories.  

6.6 Discussion 

This study shows that high levels of occupational and recreational exercise 

were associated with reduced odds of moderate-severe OSA in a large and 
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well-characterised cross-sectional case-control sample. Sex-specific relationships 

between occupation, recreation and moderate-severe OSA were observed. 

Recreational exercise appeared to have a greater mitigating effect on the 

development of moderate-severe OSA in men while in women occupational activity 

had this effect. The associations observed with exercise and occupational activity 

were independent of BMI, suggesting that the relationships between activity and 

OSA risk are not simply explained by the effect of activity on weight. The data also 

suggests a relationship between activity and both fatigue and depressive 

symptoms in OSA cases.  

These findings were consistent with those of the SHHS, which found that 

three hours of moderately vigorous or vigorous physical activity was associated 

with an adjusted OR of 0.80 (95% CI, 0.66 - 0.96) for moderate-severe OSA.179 

Unlike the SHHS, the present study employed a single validated exercise activity 

questionnaire198 and had a larger case group. Therefore, in addition to moderate 

and vigorous exercise, this study was also able to define nil and low recreational 

exercise and compare them to nationally recommended levels of exercise activity 

(moderate) to observe an increased odds of moderate-severe OSA in both these 

categories. Longitudinal data from the WSCS suggests that decreased exercise over 

time is associated with worsening of AHI.19 Previously in the WSCS hours of 

weekly exercise, albeit with no record of intensity, were measured cross-

sectionally.175 When nil exercise was used as the baseline there was progressive 

reduction in odds of moderate-severe OSA. These ORs were not all significant after 

adjustment for BMI, however trend tests of these categories were. Additionally, a 

significant trend, which was independent of body habitus, was observed in the 

mean AHI which decreased as the hours per week of exercise increased in each 

category. Therefore, in previous large community-based samples (SHHS & WSCS) 
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an association between exercise and reduced risk of OSA has been observed. Some 

of these findings attenuated after accounting for body habitus.19, 179 and in others a 

trend was still evident.175 With a greater representation of moderate and severe 

OSA cases compared to a community sample with low risk of moderate-severe 

OSA, a strong association between OSA and exercise that was independent of body 

habitus was observed in the present study.  

This is the first study to quantify occupational activity and relate this to OSA 

severity. This study extends the findings of previous epidemiological studies14, 179, 

189 by showing that inactivity during occupation is associated with an increased 

risk of moderate-severe OSA, independent of the effect of BMI. This study also 

examined the combined influence of exercise and occupational activity on the risk 

of OSA and then showed an adverse effect of sedentariness and low activity that 

recreational exercise did not protect against. 

The study demonstrated interactions between sex and type of activity 

(recreation or occupation). Although inactivity in both occupation and recreational 

exercise were associated with the greatest odds of moderate-severe OSA in both 

men and women, there were sex differences in the other activity categories. In 

men, recreational exercise appeared to be a protective factor in the development of 

moderate-severe OSA when occupation was inactive. By contrast, inactivity in 

recreation was associated with a similar increased risk for OSA whether the 

occupation was active or inactive. Conversely, in women, exercise only marginally 

modulated risk when occupation was sedentary or light, and lack of exercise did 

not increase risk when occupation was active. The mechanisms behind sex 

differences on activity and disease risk are not clear. They could be due to sex 
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differences in occupational drift or exercise activity, although other studies have 

also noted protective effects of vigorous exercise in men.179  

Intervention studies, using prescribed exercise, suggest that exercise reduces 

OSA severity.223, 224 Likely mechanisms include redistribution of body fat and/or an 

increase in upper airway muscle tone secondary to physical activity, however, 

more research into these potential mechanisms is needed.179 In this study, inactive 

occupation but active recreation was associated with increased odds of moderate-

severe OSA, suggesting an adverse effect of inactivity that exercise did not protect 

against. There is evidence that inactivity is associated with adverse 

cardiometabolic risk31, 32, 122, 225, as is OSA. However, inactivity may have other 

biological consequences which lead to OSA. For example, a sedentary state can lead 

to greater fluid accumulation in the legs. Redolfi et al observed that fluid 

displacement from the legs into the neck increased neck circumference and the 

magnitude of displacement was proportional to the time spent sitting the previous 

day.226 Therefore, fluid shifts from the legs to the neck during the night, following a 

sedentary day, may contribute to upper airway collapsibility independent of body 

weight. On the other hand, the available data do not rule out a complex 

relationship whereby OSA contributes to a reduction in activity, perhaps due to 

OSA symptoms such as sleepiness and fatigue. The cross-sectional nature of this 

study limits inference about the direction of causality.  However it is worth noting 

that longitudinal data from the WCSS would suggest that exercise independently 

decreases the incidence of moderate-severe OSA. 

Despite finding that activity was associated with risk of moderate-severe OSA 

in the case-control analysis within the full case series (AHI ≥ 5 events/h) there was 

no evidence of an association between recreational or occupational activity after 
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adjusting for BMI. This may be due to reliance upon AHI to character ise the 

severity of OSA. AHI is a non-linear, imperfect metric where apnoeas and 

hypopnoeas are given equal weight. However, activity levels were related to 

symptom profile. Higher activity levels were associated with decreased severity of 

OSA symptoms. This tentatively suggests that the role for exercise as a strategy for 

improving daytime symptoms of fatigue, and reducing depressive symptoms in 

people with OSA should be further explored.  

6.6.1 Limitations 

There are several limitations to the current study. Estimates of recreational 

exercise were restricted to recall of structured physical activity, leaving physical 

activity generated during home-based activities such as housework and gardening 

unquantified. Similarly, occupational physical activity was derived from job title 

recorded in a questionnaire and therefore limited to current occupation, with no 

detail captured on weekly hours, work or years spent in the occupation. 

Questionnaire-based methods, though economical and practical in large 

populations, are prone to recall bias and lack quantifiable objectivity.62 Despite 

these limitations, the method used to quantify occupational activity has been 

previously validated.199 Those who listed their occupation as “home duties”, along 

with those who were retired, unemployed or students were excluded. This was 

done to increase the accuracy of the occupational activity scale but limited the 

generalisability of these findings to those in fiscal occupation. Men are more likely 

to be employed full time and engage in structured physical activity and women, by 

contrast, engaged in greater proportions of part time work and incidental physical 

activity related to work around the home and family.  
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This study used two samples: the community sample which was not strictly 

contemporaneous with the clinical sample of OSA cases.62 The 2006 census data 

would indicate the Busselton community is representative of Western Australia 

with respect to sex and age distribution, however, Busselton residents in the 2006 

census were more likely to have been born in Australia and married (Table 2.5, 

page 57). With respect to the specific exposure of occupation, Busselton residents 

were marginally more likely to be employed part-time and there were a slightly 

higher proportion of technicians, trades workers and labourers; whereas in 

Western Australia there were a greater proportion of professionals, clerical and 

administrative workers (Table 2.6, page 58). Differences in the distributions of 

types of occupations between the Busselton community and the larger population 

of Western Australia were minor yet may have falsely contributed to the ORs 

generated from the comparison of WASHS with BHS. Inferences about the impact 

of occupational demand come with this rather substantial caveat. In addition, gold 

standard methodology would require PSG on the control sample, however, 

polysomnographic data in this large community sample was not available. Instead, 

the study was limited to the questionnaire-based method to screen out moderate-

severe OSA developed in chapter 3. The study in chapter 3 demonstrated that when 

controls were selected based upon either their low frequency of snoring or their 

normotensive status that the post-test probability of AHI < 15 events/h was 92%   

and that this was independent of their exposure to occupational demand and 

recreational exercise activity. Therefore the use of questionnaire data to screen out 

undiagnosed cases did not alter the exposure profile of the control population. 
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6.6.2 Conclusion 

The studies in this chapter suggest a protective role for vigorous exercise and 

a contributory role for low or no exercise in the development of moderate-severe 

OSA. Occupational activity appeared to have a particular protective effect in 

women whereas in men it was recreational activity that seemed to be more 

protective, perhaps reflecting sex differences in the relative vigour applied to these 

pursuits. Although requiring further investigation, the finding of an association 

between low activity and OSA-related symptoms of fatigue and depression, 

suggests that increased physical activity may not only play a valuable role in 

mitigating risk of developing OSA, but might also confer symptomatic relief where 

OSA exists. Broadly, these findings add a further dimension to the already 

substantial evidence supporting an important role of activity in daily life to health. 
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7 Summary of original findings 

The studies undertaken as part of the requirement of this thesis have led to 

several original and important findings. These are summarised as follows:  

 The prevalence of undiagnosed OSA in women in an unselected general 

population sample was estimated for the first time (chapter 3). While 

undiagnosed OSA has previously been estimated in men using a cross-

section of the Busselton community collected in 1995,33 the present 

investigation uses a more sophisticated portable monitoring device to 

provide a more accurate and contemporary estimate of disease prevalence 

in men as well as in women. 

 The BQ was used to devise a novel method to screen out moderate-severe 

OSA without monitoring of sleep (chapter 3). This method was used in 

studies throughout the thesis. 

 The association of known BMI genetic variants for obesity with sleep 

disordered breathing has been described for the first time (chapter 4). The 

study incorporated data made available by large consortium GWA studies of 

BMI and applied it to a candidate gene study of OSA. The low cost method 

described in chapter 4 describes, in the absence of a GWA study of OSA, an 

original and judicious use of available data to examine genetic factors 

shared by obesity and OSA.  

 Novel associations between two genetic loci and OSA were identified 

(chapter 4). The minor allele of the rs1424233 SNP, which flanks the MAF 

gene, was associated with increased odds of moderate-severe OSA. The 

minor allele of the SNP rs10938397, which flanks the GNPDA2 gene, was 
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associated with a small increase in log-transformed AHI. Both SNPs have an 

established correlation with BMI and are located close to genes with known 

involvement in glucose homeostasis. These findings suggest MAF and 

GNPDA2 demonstrate a pleiotropic effect relating to increased 

susceptibility of OSA (rs1424233) or severity of OSA (rs10938397) that has 

not been previously reported. 

 Fat distribution, quantified using DXA methods, was more directly related 

to severity of OSA than has been the case previously (chapter 5). Body mass 

index is a standard metric for qualifying excess weight in epidemiological 

studies. However, it does not directly measure fat and is known to vary 

according to sex, age and race. This study showed that reliance on BMI is an 

oversimplification as it does not characterise fat distribution. 

 Neck fat, as assessed using DXA, was found to be the most significant 

contributor to OSA severity in women, whereas in men the abdominal 

region was implicated (chapter 5). This novel finding goes against a long-

established paradigm that neck circumference is increased in men with OSA 

due to disproportionate distribution of obesity. Whether this finding is due 

to the large sample of women, a spurious association due to chance, or true 

mechanistic association requires validation by replication. 

 A novel examination of occupational activity and MET-minute characterised 

exercise was undertaken which demonstrated an adverse effect of 

sedentariness and low activity that recreational exercise did not completely 

protect against, particularly in women. (chapter 6). These findings extend 

upon previous findings using a sex-stratified approach to examine the inter-

related roles of exercise and occupational activity on the risk of OSA. The 

sex differences highlighted in this study are of particular note.   
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8 Discussion 

This thesis is describes a series of novel research investigations designed to 

investigate the inter-relationships between obesity and OSA. Specifically, the co-

morbid relationship between obesity and OSA was assessed in terms of genetic, 

physiological and environmental factors. Taken together, the studies in this thesis 

show (i) that two genetic loci involved in BMI play an independent role in sleep 

disordered breathing (chapter 4); (ii) that centrally located fat deposition 

contributes to the severity of sleep disordered breathing, although differently in 

men and women (chapter 5), (iii) that exercise protects against developing OSA 

(chapter 6), but that (iv) sedentariness increases the risk of developing OSA 

(chapter 6). These investigational studies were prefaced by a methodological 

investigation (chapter 3) that informed the study design of chapters 4 and 6. This 

final chapter (chapter 8) discusses the main findings. 

The studies in this thesis utilised comprehensive data sets from two 

established research resources: a case-series of OSA known as the WASHS114 and 

community data the from the Busselton population survey data. The Busselton 

survey was mostly representative of the source population of the cases and 

therefore the case-control was a good study design to employ in the absence of 

longitudinal data. As a result the hypotheses that used case-control data in 

chapters 4 and 6 were investigated using comparatively large sample sizes. 

Similarly, the size of WASHS, which is heavily enriched with moderate-severe OSA 

allowed examination of within-case hypotheses in chapters 5 and 6. This study 

design ensured high power and the ability to control for multiple potential 

confounding factors. 
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The method used to estimate the prevalence undiagnosed OSA (chapter 3) in 

the Busselton sample is similar to that used by Bearpark et al33 in an exclusively 

male sample from the Busselton community. The study in chapter 3 included 

women in a large sample (n = 793) where treatment for OSA deemed ineligibility. 

This meant that the prevalence estimate of undiagnosed OSA did not require prior 

assumption about likelihood of having or not having OSA. Prevalence estimates of 

OSA, including the most frequently cited,41 have used a two-stage approach where 

initially individuals are assessed, often using the BQ, for risk of OSA and then 

laboratory PSG is performed on an admixture of those at high and low risk (usually 

75% : 25%). The estimate is then weighted to the survey sample. However, this 

method relies upon the false assumption, supported by data in chapter 3, that all 

survey participants who did not report snoring and sleepiness were free of OSA. 

The study in chapter 3 presented objective sleep data obtained from portable 

monitoring devices. While such devices provide a more rudimentary picture of 

sleep disordered breathing in comparison with laboratory-based PSG, they have 

the advantage of allowing collection of data on large sample sizes. Such a technique 

was utilised in a sub-sample of the Busselton community which was then 

standardised to the Australian population for age and sex. Hence the study design 

described in chapter 3 provided a robust method for estimating the true 

population prevalence of undiagnosed OSA in Australia. 

The effect of diluting a control sample with cases would be a tendency to 

accept the null hypothesis of no difference between cases and controls in statistical 

testing. This issue was addressed by the development of a questionnaire method to 

screen out moderate-severe OSA in the community (chapter 3) which 

strengthened the study design used in chapters 4 and 6. However, by applying a 

selection method to reduce the bias of cases within the control sample it was 
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equally important to ensure this method did not alter the exposure profile within 

the control sample. Results from chapter 3 demonstrated that the methods used to 

increase the accuracy of an OSA free designation did not alter the distribution of 

the exposures of occupational demand and recreational exercise which were under 

examination by chapter 6. In chapter 4 SNPs were excluded from analysis where 

they were observed to deviate from HWE, using a stringent cut-off P-value of 

<0.05. This ensured that the exposure status of allele frequency was similar to the 

mathematical relationship expected within an unselected population. 

Investigating sex differences in OSA was not one of the primary aims of this 

thesis. Nevertheless, employing a methodology that allowed the freedom to 

examine sex difference is necessary for any study of obesity since humans have 

sexually dimorphic patterns of fat deposition. By acknowledging this bias and 

properly accounting for sex the studies undertaken in chapters 5 and 6 revealed 

novel findings that were modified by sex. OSA research is overly reliant upon 

samples rich in the male sex and lacking in proper representation of the female 

sex. This prevailing bias in peer-reviewed research of OSA is related to the greater 

predisposition of OSA in the male sex and hence the pragmatic ease of recruiting 

males with severe OSA. As a result much fundamental OSA research might be 

reaching conclusions that are relevant to only 50% of the general population. This 

thesis demonstrated that around one third of all individuals referred to the 

WASDRI for investigation for suspected OSA were women. Men presented a 

greater overall burden of OSA - male patients were more likely to have moderate-

severe OSA (80%) in comparison with women (67%) – however preferential 

recruitment of male subjects, without adequate examination of sex interaction, 

means that conclusions may not be generalisable to women. Studies which recruit 

female subjects often fail to account for sex in their analyses and lack sufficient 
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power to ascertain the contribution of sex. A strength of the studies in this thesis is 

the use of large sample of both men and women. This provided a high degree of 

impartiality with regard to the role of sex in co-morbid OSA and obesity  

Results in chapter 4 demonstrated that AHI, which has not been measured in 

any previous GWAS, may be one factor which explains the association between 

genotype and phenotypes of obesity. Studies of genetic epidemiology would 

benefit from more sophisticated phenotyping of obesity. Genome wide association 

studies have been criticised as a method of gene discovery since they yield 

statistical associations with common polymorphic variation which may not, and 

often do not, relate to functional differences at the cellular level. Indeed the results 

from chapter 4, while preliminary in nature, cannot imply causality in the observed 

associations. Both SNPs were located close to genes involved in metabolic 

homeostasis, both of which could plausibly relate to metabolic dysfunction in the 

presence of OSA. This is further evidence that obesity and OSA might be 

reciprocally related by shared genetic factors. Specifically, the results from chapter 

4 support findings from genome-wide linkage analysis studies of the CFS, the 

results of which suggested that AHI and BMI have shared and unshared genetic 

factors.56, 57, 98 The study outlined in chapter 4 identified two loci known to 

associate with BMI but may affect causal pathways of metabolic homeostasis that 

are modulated by the presence of OSA. 

Body fat distribution and level of activity may also be important covariates in 

genetic and epidemiological studies of OSA in order to control for the confounding 

influences of body fat. Results in chapter 5 demonstrated that (i) BMI was a poor 

descriptor of adiposity and (ii) fat distribution was an important determinant of 

OSA severity and that the relative contributions differed between the sexes. In the 
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field of genetic epidemiology there is growing recognition that body fat 

distribution is not synonymous with BMI. Results from a GWAS in 2010 suggest 

that body fat distribution, as measured by WHR, is influenced by genetic loci that 

are distinct from those that influence BMI.151 In total, 14 loci were observed to 

explain 1.03% of the variation in WHR after adjustment for BMI, however, in 

women this estimate was 1.34% and in men only 0.46%. In 2012 a GWA of 

subcutaneous and visceral fat in from CT of abdominal adipose depots revealed 

one visceral adiposity-associated SNP, but its effect was only apparent in 

women.152 Collectively, the results from chapters 4 and 5 would suggest that loci 

involved with the distribution of adiposity in the body may extend existing 

knowledge about physiological mechanisms involved in the bidirectional, or even 

cyclic, relationship between OSA and obesity. 

Moderate intensity exercise activity (or above) may decrease the risk of 

developing moderate-severe OSA. The cross-sectional nature of the study used to 

generate this hypothesis (chapter 6) limits inference about the direction of 

causality, however, this hypothesis is supported by data from longitudinal 

studies.19 Nonetheless, just as the causal relationship between obesity and OSA 

may be bidirectional, so might activity influence OSA and vice versa. Previous 

research of activity and OSA can be summarised by two prevailing viewpoints: (i) 

that exercise reduces the risk of OSA; (ii) that OSA reduces propensity for activity. 

One postulated mechanism by which exercise activity could positively 

modulate OSA is by increasing upper airway tonus. Methods used to answer this 

hypothesis have concentrated on oropharyngeal specific exercises and have failed 

to measure whether standard exercise activity has any effect on airway tonus.19 If 

exercise favours a protective distribution of excess body fat, for example by 
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reducing centrally located visceral fat, then this may be another mechanism by 

which exercise could modulate OSA. Results from chapter 5 suggest that 

distribution of body fat can vary amongst individuals, despite no difference in BMI, 

and was associated with severity of OSA.127 The results from chapter 5 suggested 

that long periods of daily inactivity, even when exercise was adequate, related to 

increased odds of moderate-severe OSA. There is evidence that inactivity carries 

adverse cardiometabolic risk.31, 32, 122, 225 as does OSA, however, inactivity may have 

other biological consequences which also lead to OSA. One such consequence of the 

sedentary state is dependent fluid accumulation in the legs. Redolfi et al226 

observed that fluid displacement was proportional to the time spent sitting the 

previous day. Although preliminary in nature and conducted in awake healthy 

subjects using lower body positive pressure to model fluid displacement during 

sleep, these results highlight another potential mechanism by which inactivity 

might contribute to upper airway collapse independently of body weight. 

Conversely, OSA may decrease the propensity for activity. Since obesity 

decreases lung volume and has greater energy requirement it is associated with 

greater ventilatory stress.227, 228 However, studies matched on BMI have concluded 

that OSA does not produce any additional ventilatory limitation to exercise.229 

Another hypothesised mechanism is that severity of OSA is associated with altered 

haemodynamic response, where blood pressure response is excessively increased 

during exercise and associated with delay in decline of arterial blood pressure 

during post-exercise recovery. The only study examining these mechanisms 

reported such responses to occur in both normotensive and hypertensive 

individuals with OSA, and thus attributed this response to OSA, however they did 

not control for the confounding effect of obesity. The physical costs of intermittent 

nocturnal hypoxemia and sympathetic activation may be perceived as the 
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symptoms of daytime somnolence and fatigue. One study has examined the effect 

of OSA on daily and sleeping energy expenditure and showed that the duration of 

time spent in hypoxia related inversely to total and sleep energy expenditure.230 

OSA increases energy expenditure through increased work of breathing and 

activation of the sympathetic nervous system and sleep fragmentation.18 

Intermittent nocturnal hypoxemia may lead to muscle energy impairment and 

decreased exercise tolerance.228 Chronic tiredness may also be the physical 

perception faced when OSA exerts increased energy expenditure and the body 

adapts by increasing the drive for physical inactivity.18 Evidence that CPAP therapy 

has been shown to increase tolerance in obese individuals with OSA231 suggests 

that OSA may exert a physiological influence that blunts the capacity to engage in 

vigorous exercise activity. 

Further research studies are required to address and better understand the 

complex relationships between OSA, physical activity and obesity. The findings 

from chapter 6 extend those from previous studies by characterising daily energy 

expenditure associated with exercise and occupation, and by accounting for the 

inactivity as well as activity. These factors had not previously been investigated 

with respect to OSA. 

The findings in chapter 6 indicate that exercise plays a role in the odds of 

having moderate-severe OSA. The findings in chapter 5 suggest that centrally 

located fat was related to severity of OSA. Exercise is well-recognised as having a 

protective role against obesity, depression and cardiovascular risk factors, such 

that Australian and US national guidelines recommend moderate intensity physical 

activity for at least 150 minutes each week.177, 178 Results from chapter 6 indicated 

that inactivity, either in exercise or occupation, is associated with increased odds 
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of moderate-severe OSA. In broad terms, this could mean that ‘too much sedentary 

time’ carries risk of OSA that is distinct from that of ‘too little exercise’. Inactivity 

has been previously been implicated in other cardiometabolic risk factors and a 

research focus termed ‘inactive physiology’ has emerged from this work. This focus 

involves consideration of mechanisms by which inactivity and exercise might affect 

cardiometabolic risk.31, 32, 122, 225, 232 Results in chapter 6 add to existing evidence 

that suggests that incidental activity behaviour is necessary for optimal health and 

well-being. Public health guidelines tend to relate in main to frequency, intensity 

and duration of “purposeful” exercise, however  the present findings suggest that 

policy makers and clinicians should also stress the potential benefits of incidental 

activity behaviours such as walking to work, or parking further from your 

destination. The observations in chapter 6 are also particularly applicable to 

workplaces as increasing activity and movement opportunities at work for 

workers may be beneficial in reducing risk of OSA, especially female workers. 

The age-standardised prevalence estimates of undiagnosed moderate-severe 

OSA were 12.4% in men and 5.7% in women (chapter 3). This would suggest that a 

high proportion of the general population suffer from OSA but have not sought 

treatment. Untreated OSA is associated with increased risk of hypertension, 

cardiovascular disease, stroke, depression, metabolic syndrome, daytime 

sleepiness, motor vehicle and workplace accidents, and diminished quality of life.2 

Strategies to decrease the prevalence of undiagnosed OSA and therefore its 

attendant morbidity are needed in Australia. An education campaign aimed at 

middle-aged adults and primary care providers could increase awareness of OSA 

symptoms. Further, greater use of portable monitoring devices by primary care 

providers, along with improved understanding their limitations could be used to 

inform referral to specialist sleep centres.  
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8.1 Limitations 

One of the main limitations of these studies is the reliance upon a case-

control design to investigate many of the hypotheses. Although the case-control is 

a pragmatic method to examine the aims of the thesis, chapters 4, 5, and 6, each 

study postulates a causal relationship requiring a longitudinal study design in a 

population based cohort, where PSG is a key measure for its substantiation. Cross-

sectional designs are an efficient use of resources, as they are enriched with cases, 

however they only suggest causality, not prove it.  

This study was also limited by its reliance upon using the BHS as a control 

sample – a purpose for which the BHS was not designed. An advantage of using this 

resource was that it was a large community sample which comprised a subset of 

the region from which the WASHS cases were generated. Furthermore, 

questionnaire data were collected using similar instruments, DNA were genotyped 

using similar platforms and a subset of the BHS had been characterised overnight 

by a portable monitoring device. In this respect, the BHS was the closest 

representative community sample available with which to compare the WASHS 

case series. Case-control studies have two cardinal criteria for control selection: (i) 

that controls should exhibit the same underlying exposure distribution as the cases 

and (ii) controls should be selected independently of exposure status. The BHS did 

not recruit participants upon any exposure criteria; rather it was a random sample 

of the electoral role. However a major caveat in the use of this case-control design 

is that WASHS and BHS did not have an identical sampling frame. Therefore 

natural differences between Western Australia as a whole and the Busselton 

community component may have introduced bias and these are explored below.  
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In the genetic analysis outlined in chapter 4, where the exposure of interest 

was allele frequency, the control and case samples were restricted to those who 

reported European ancestry. In an analysis not related to this thesis, it has been 

demonstrated in the WASHS cohort that the ancestry reported by questionnaire 

response is comparable to ancestry derived from principal component analysis 

using genome-wide SNP data (results not shown). Therefore, the samples used in 

chapter 4 are likely to have been of European ancestry with similar cultural and 

demographic characteristics. Further, SNPs were excluded from analysis where the 

allele frequencies in the control sample were observed to deviate from HWE. A 

stringent P-value cut off of p<0.05 was used to ensure that the exposure status was 

not related to the control selection method. 

In the study outlined in chapter 6, activity demands in occupation was a 

considered exposure. The 2006 census data indicates that there are differences in 

the distributions of types of occupations between Busselton and Western Australia 

asa whole. While these differences were marginal differences it is possible that 

they could falsely contribute to the ORs generated from the comparison of WASHS 

with BHS, a potential limitation noted within the discussion of chapter 6. Despite 

this, the second criterion of control selection was demonstrated to hold true for the 

exposures investigated in chapter 6 in the BHS sample where in chapter 3 it was 

demonstrated that control selection was independent of occupational demand and 

recreational exercise activity. 

Use of multiple control samples is one way by which control selection issues 

can be further scrutinized, however, a second reference sample with similar 

methods for capture of exposures and adequate size to ensure power was not 

available at the time this work was conducted. A secondary way to investigate the 
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extent to which the ORs reported in chapter 6 reflect a relationship between 

activity and OSA rather than a population difference is by replication of this study 

within one of the large cohorts for OSA such as the SHHS or WSCS. 

The aims of chapter 4 could have been examined by a GWAS. Genetic studies 

typically employ very large samples since the effect sizes they endeavour to find 

are extremely small. The sample size in chapter 4 is larger than most candidate 

gene studies of OSA, however, very small in comparison with the sample sizes 

commonly used in GWA studies. Sample size availability in chapter 4 dictated the 

study design employed: namely the candidate gene study. Candidate gene studies 

are by their design limited to investigating known loci, and therefore have limited 

use in the discovery of novel loci. 

The hypothesis of chapter 4 was to examine the association of obesity-loci 

with OSA, however, the timing of the study meant that a subset of obesity loci was 

not captured in our study design. In late 2009, when the WASHS and Busselton 

samples were genotyped, 27 SNPs in 18 obesity loci had been identified from 

GWAS.143-145, 148, 150 From these we chose a parsimonious selection of 19 SNPs from 

16 loci. However, by the end of 2010 a total of 32 loci had been reported.146 

Following this, GWAS have moved on to examine loci associated with fat 

distribution rather than total adiposity which, based upon the findings of chapter 

5, may plausibly have shared factors with OSA.151, 152  

A larger sample size would have enhanced the design of chapter 5. Although 

sample size was larger than previous studies examining distribution of fat and OSA 

it lacked population controls. The main finding of chapter 5 was that distribution 

of fat, rather than obesity per se, related to OSA severity. This study could have 

been strengthened by investigating differences in fat distribution in those with 
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OSA and those without OSA which could have placed the findings of chapter 5 in a 

more clinically meaningful context.  

Both chapters 5 and 6 were adequately powered to investigate basic sex 

differences in their respective hypotheses. However neither was able to investigate 

the impact of hormonal status. In chapter 5, where female hormonal status is 

particularly pertinent due to the post-menopausal redistribution of adipose tissue 

to an android pattern, data on menopausal status was collected. Unfortunately, the 

total number of post-menopausal women included in the sample was small and 

this precluded meaningful statistical analysis of this factor. In chapter 6 significant 

sex differences in odds of moderate-severe OSA were observed for the relative 

contributions of work and exercise. An analysis of post-menopausal women would 

have been a cogent extension of this finding. Furthermore menopausal status was 

not collected for women in the WASHS case-series until late 2009 and data 

collection ceased in April 2010, which meant the majority of data from women did 

not include this key variable. 

There is a known overlap between metabolic control, obesity and sleep 

disordered breathing, which has not been explored by the studies in this thesis. 

The study design outlined in chapter 6 would have been strengthened by 

incorporation of metabolic indices such as fasting glucose, insulin, HDL, LDL and 

cholesterol. These would have been useful covariates to consider since they 

potentially have a confounding influence on activity levels and disordered 

breathing in sleep.  

It is worth noting that the population sample was strongly of European 

ancestry which limits the generalisability into other ethnic populations. The final 

general limitation of this thesis is reliance upon questionnaire data. Primarily this 
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includes the metrics for occupational and exercise activity where data collected by 

an objective measure like actigraphy would enhance the study design. Similarly, 

PSG would be the optimal technology with which to screen the community 

controls. A powerful analysis would have included portable monitoring against the 

gold standard of laboratory PSG. 

8.2 Future contexts of the results 

A logical progression of Chapters 4 and 5 would be to investigate the 

relationship between adiposity distribution loci and severity of OSA in both men 

and women, where fat distribution and menopausal status are carefully 

considered. Dual energy X-ray absorptiometry is an appealing technology to 

consider within a GWAS since it could be used to measure both total fat and 

distribution of fat. Previous GWAS have relied upon WHR and BMI151 or visceral 

and subcutaneous fat within the abdominal depot152 and therefore have neglected 

to measure regional adiposity in the neck, which may play a particular role in 

susceptibility to sleep disordered breathing.  

Chapter 6 brought into focus a role for physical activity in OSA that was 

modulated by sex. The mechanisms behind sex differences on activity and disease 

risk require further investigation. Other studies have also noted that the protective 

effects of vigorous exercise on incidence of OSA are particularly apparent in 

men.179 It remains to be determined why activity in different spheres of lifestyle 

confers risk differently based upon sex. Dissemination of such information could 

not only lead to sex-appropriate lifestyle modification guidelines but greater 

understanding of the mechanisms by which men and women maintain energy 

balance. 
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Another way of interrogating the results revealed by sex differences in 

activity is through genetic studies. The BMI-associated SNPs used in chapter 4 have 

mostly implicated roles in hypothalamic regulation of energy balance. A key 

mechanism by which the body maintains energy balance is through physical 

activity – or inactivity. Data from chapter 6 suggested two distinct phenotypes 

(physical activity and sedentary behaviour) affect OSA and these may represent 

separate physiological mechanisms. One method to develop understanding of the 

underlying determinants of activity would be a genetic analysis of physical activity 

and inactivity. Genome wide linkage studies and GWAS of activity or inactivity 

have suggested a few genetic loci, however, further research in this topical area is 

warranted. A GWAS of young adults who are yet to develop conditions like OSA, 

metabolic syndrome and cardiovascular disease or any other condition which may 

affect exercise capacity would be a valid research contribution. The best 

methodologies to capture physical activity on a large scale would be actigraphy. 

This would allow more in-depth analysis of the different phenotypes of sedentary 

behavior, such as those who break up sedentary time (by standing or fidgeting) 

versus those who sustain long periods of little movement or positional change.  

8.3 Conclusion 

Obesity is an important factor when considering correlates of OSA. This 

thesis presents a series of novel investigations that contribute to the current body 

of knowledge regarding the relationships between OSA and obesity. Specifically, it 

has: broadened knowledge about the genetic factors which affect both OSA and 

obesity; introduced novel associations in the relationship between fat distribution 

and severity of OSA; and explored the role of physical activity and inactivity in OSA. 
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