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Abstract 

rowsy driving is a common, yet highly preventable cause of motor vehicle crashes 

(MVCs). Approximately 20-30% of fatal or serious injury crashes include drowsiness 

as a contributing factor. Younger adults are overrepresented in these MVCs, and as 

such, much of the research to date has investigated the objective and subjective metrics of alertness 

and sleepiness during driving, and the associations with adverse driving events such as crashes or 

lane deviations. In contrast, there is currently little research examining the effects of sleep loss on 

driving performance and subjective sleepiness, in older adults. This thesis aimed to examine the 

impact of sleep loss on subjective and objective indices of drowsiness while driving in younger and 

older drivers, including a thorough examination of driversô awareness of sleepiness while driving and 

the extent to which subjective sleepiness could predict adverse driving outcomes. Given the focus on 

age, this thesis examines any potential age differences in these associations. 

 Chapter 1 comprises a comprehensive review into the current drowsy driving and ageing 

literature and forms the rationale and aims of this thesis. Chapter 2 outlines the methodology for the 

research study conducted for data to be analysed in Chapters 3, 5 and 6. All data for Chapters 3, 5 

and 6 will be drawn from a single sleep deprivation track driving study, with a sample of N=16 

younger adults (20-35 years) and N=17 older adults (50-65 years). 

  Chapter 3 examined the impact of age on objective (driving and physiological) performance 

and subjective sleepiness following 29h of total sleep deprivation (TSD). Results showed that 

younger adults performed worse on driving and ocular metrics following sleep loss, compared to their 

well-rested (WR) drives, and rated themselves as sleepier in the TSD drive. When compared to their 

WR drives, older adults were significantly more impaired and sleepier during the TSD drive. The 

results from this study suggested that despite most of the literature highlighting younger adults as a 
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high-risk population, interventions and educational programs for road safety should also be targeted 

towards older adults, to reduce the overall road death toll. 

To first understand the extent to which drivers are aware of sleepiness, Chapter 4 

systematically reviewed the existing sleep literature to answer the research question: ñAre drivers 

aware of sleepiness while driving, and to what extent does subjective sleepiness accurately reflect 

driving impairment?ò. Results showed that drivers were aware of their increasing levels of sleepiness, 

and that increasing sleepiness was associated with, and predicted objective impairment. However, 

only one simulated driving study directly compared driving performance and sleepiness between 

younger and older adult males, highlighting the need for naturalistic driving studies for greater 

ecological validity and the inclusion of younger and older drivers in this respect. 

 This was addressed in Chapter 5 which examined the impact of age and sleep loss on 

subjective sleepiness, and the efficacy of using subjective sleepiness to predict adverse driving 

outcomes and physiological signs of sleepiness in the next 15-30mins. Results suggested that 

subjective sleepiness increased with sleep loss in both younger and older drivers, and that the 

Karolinska Sleepiness Scale and the Likelihood of Falling Asleep Scale accurately and significantly 

predicted objective impairment for both age groups. Other sleepiness symptoms strongly predicted 

adverse driving outcomes and physiological sleepiness, although these did differ between younger 

and older drivers. 

 While Chapter 5 examined the forward prediction of adverse driving, which can be useful 

for drivers to detect impending sleepiness and take corrective action, Chapter 6 takes a backward-

looking approach to examine if end-of-drive subjective sleepiness was an accurate predictor of prior 

driving impairment and physiological sleepiness. This has implications for post-accident analysis. 

There were significant age effects for moderate lane deviations, where recollection of subjective 

sleepiness reflected drowsiness related events for younger adults only. For near crashes however, 
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recollection of sleepiness were good predictors that a near crash event occurred for both younger and 

older drivers.  

 Taken together, the results from these papers support and further evidence age-related 

difference in driving performance following sleep loss and yet challenges the notion that older adults 

are óresilientô to sleep loss. Compared to when well-rested, older adults experience greater driving 

impairment and greater levels of sleepiness. While both younger and older drivers demonstrate 

impaired driving and increased sleepiness following sleep loss, the profile of sleepiness in the lead 

up to an adverse driving event is different between the two age groups. This highlights a need for 

age-tailored interventions, educational programs, and post-accident interview questions to better 

detect and prevent serious injuries and fatalities on the road caused by drowsy driving. 
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Overview of Thesis 

rowsy driving is major contributor to motor vehicle crashes worldwide, and is 

considered highly detectable and preventable. Currently, fatigue monitoring devices 

continuously monitor overt signs of physiological alertness through ocular measures 

such as blink duration, percentage of time the eyes are closed (PERCLOS), and long eye closures. 

This is feasible to be implemented in commercial vehicles, as electroencephalography data cannot be 

captured in a real-world driving situation. As these physiological indices of drowsiness increase with 

sleep loss, so does subjective sleepiness. It is important for drivers to be able to identify when they 

are too sleepy to safely continue driving. Despite a large proportion of road users classed as middle-

older aged, most drowsy driving research has focused on healthy, younger adults. Therefore, the 

overarching aim of this thesis is to examine the impact of age on subjective and objective measures 

of drowsiness and driving impairment following one night of total sleep deprivation on a two-hour 

on-road track drive. The study design has greater ecological validity compared to a simulated driving 

task, as the track mimics conditions of the real road, including stop signs, traffic lights and 

intersections. 

 In Chapter 1, the two-process model for sleep and neurobiological mechanisms of sleep are 

introduced. This chapter identifies the cognitive processes required for safe driving and discusses the 

impact of sleep loss and age on those cognitive processes and driving performance, leading to the 

main aims and hypotheses of the thesis. 

 Chapter 2 outlines the experimental methodology used for the collection of data in the 

following experimental chapters. It presents the sleep:wake protocol utilised to induce sleep 

deprivation, and presents the measures to operationalise ocular indices of alertness and driving 

impairment identified in Chapter 1 as being sensitive to sleep loss. It also provides theoretical 
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justification for the screening procedures and eligibility criteria, and selection of tests used to ensure 

physically and healthy participants. 

 Chapter 3 is the first experimental chapter, which is a manuscript published in Scientific 

Reports. This paper provides a direct comparison of drowsiness and driving impairment between 

younger and older drivers following sleep deprivation. This paper shows that while younger adults 

show greater impairment and ocular signs of drowsiness when sleep deprived, older adults also show 

a significant increase in impairment but to a lesser extent than younger adults. This chapter is 

presented as a reproduction of the published manuscript within the journal. 

Chapter 4 is a systematic review published in Sleep Medicine Reviews. It explores the current 

drowsy driving literature to examine the research question: ñAre drivers aware of sleepiness while 

driving, and to what extent does subjective sleepiness accurately reflect driving impairment?ò. Upon 

comparison of 34 driving studies, a ñgold-standardò in methodology whereby the Karolinska 

Sleepiness Scale is utilised, in a naturalistic or high-fidelity driving simulator, measuring ocular 

indices of drowsiness and driving impairment such as lane deviations and near crash events is 

identified. 

 Chapter 5 is the second experimental chapter, which examines the impact of age on 

subjective measures of sleepiness, and the predictive capacity of subjective sleepiness on subsequent 

driving performance and physiological drowsiness. This chapter directly builds on the results of 

Chapter 3, as it utilises the physiological (ocular) signs of drowsiness and measures of driving 

impairment sensitive to sleep loss for both age groups identified in Chapter 3. This chapter shows 

that subjective sleepiness measures are sensitive to sleep loss in both younger and older adults, and 

that there is an effect of age for certain measures of sleepiness, such that younger adults showed 

greater impairment following sleep loss. Subjective measures of sleepiness can also accurately predict 

subsequent physical drowsiness and driving impairment in younger adults, but only certain measures 
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can accurately predict subsequent impairment in older adults. This chapter is presented as a 

manuscript submitted to the journal Accident Analysis and Prevention. 

 Chapter 6 provides a short report examining if end-of-drive subjective sleepiness accurately 

reflects driving behaviour for the previous drive in younger and older adults. This chapter provides a 

more translatable approach to assessing drowsiness, such that specific questions that accurately reflect 

prior driving impairment are identified. These questions can be used in motor vehicle crash 

investigations, where drowsiness is suspected to be the cause. This chapter is presented as a 

manuscript submitted to Journal of Legal Medicine. 

 Chapter 7 concludes the thesis by integrating the findings of the systematic review and the 

three experimental chapters. Following a summary of the key findings in each chapter, the results are 

discussed in the context of the wider literature of ageing, sleep loss and driving impairment. This 

chapter expands on the study limitations identified in Chapters 3, 5 and 6, ending with 

recommendations for future studies examining driving impairment and sleep loss. Future research 

directions for expanding the investigation of the impact of age on drowsy driving are discussed, 

ending with concluding remarks discussing the contribution of this thesis to the existing body of work 

examining subjective and objective drowsiness in the context of driving. 
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Introduction  
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1.1. Background 

rowsiness contributes to approximately 16-30% of all motor vehicle crashes in many 

western societies (ETSC, 2001; Horne & Reyner, 1995b; Philip et al., 2005; Transport 

Accident Commission, 2019). As drowsy driving is highly identifiable, it is thus 

considered highly preventable. However, survey data suggests that 66% of Australians reported 

driving while sleepy in the past five years, which is comparable to 68% of US drivers who report 

driving while drowsy (Armstrong et al., 2013; National Sleep Foundation, 2005). Moreover, 

drowsiness-related crashes are more likely to involve the serious injury or death of a driver, due to 

the excessive impact speed often involved (National Highway Traffic Safety Administration, 2015; 

Pack et al., 1995; Transport Accident Commission, 2019). Given the high prevalence of drowsy 

driving and serious consequences of these crashes, strategies to minimise drowsy driving are urgently 

required. 

 Drowsiness, sleepiness and fatigue are terms that commonly occur in the drowsy driving 

literature, but are often poorly defined, or used interchangeably. This thesis will distinguish these 

terms. Drowsiness can be defined by the intermediate, fluctuating state along the spectrum between 

wakefulness and sleep, characterised by the pattern of brain waves as measured by 

electroencephalography (EEG) and varied eye movements (Anderson et al., 2013; Johns, 2000). 

Sleepiness is described as the slower increase of sleep propensity by the homeostatic drive for sleep 

as a result of increasing time spent awake (Borbély, 1982) ï which is termed Process S (see 1.3.1.1). 

In contrast, fatigue is often induced by excessive use of physiological or psychological strain, such 

as a subjective feeling of tiredness, and is associated with weariness and reduced motivation (Shen et 

al., 2006). For the purposes of this thesis, drowsy driving refers to an individual operating an 

automotive vehicle whilst under conditions of sleep loss, or when they are in a drowsy state (either 

objectively falling asleep at the wheel or subjective feelings of sleepiness). 
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Some road users are more vulnerable to drowsy driving. Research suggests that drivers who 

are young, male, working shifts and/or have a sleep disorder are most at risk  (Horne & Reyner, 

1995b; Pack et al., 1995). This thesis will focus on the first of these at-risk groups, that is, age. 

Approximately 20-30% of road users are older adults aged 50-70 years (Bureau of Infrastructure, 

2016; Wagner, 2021), while middle to older aged adults (45 ï 65 years) make up 40% of high-risk 

groups such as shift-workers (Australian Bureau of Statistics, 2010). Understanding the vulnerability 

of older drivers to drowsy driving therefore may have potential to significantly improve road safety 

outcomes. Statistically however, younger drivers are overrepresented in fatal drowsy driving 

incidents in developed countries (Horne & Reyner, 1995b; Pack et al., 1995; Sagaspe et al., 2010). 

This enhanced vulnerability is also seen in laboratory studies, where sleep restricted younger drivers 

perform worse than older drivers during a two-hour simulated driving task (Filtness et al., 2012). 

Although this suggests that younger drivers show enhanced vulnerability to sleep loss relative to older 

drivers, it does not address whether older drivers are vulnerable to sleep loss compared to their well-

rested self. More work is therefore required to better understand the role of drowsiness on road safety 

outcomes for older and younger drivers, and this forms a key part of this thesis. 

One strategy for minimising drowsiness-related crashes is for the driver to be aware of feeling 

sleepy and taking remedial action, such as stopping driving, consuming caffeine, and/ or take a short 

nap (Horne & Reyner, 1995a). However, there remains a lack of consensus within the driving 

literature as to whether subjective sleepiness is associated with or can predict increased risk of driving 

impairment and alertness failure (i.e., are drivers aware of sleepiness?). Moreover, the potential effect 

of age on these associations remains largely unexamined. While the value of forward prediction of 

an impending crash is clear, such that a driver has time to take evasive action, there is also value in 

backwards prediction of whether an adverse driving event was drowsiness related, and this forms a 

second strategy for minimising MVCs due to drowsiness. The ability to identify and detect, and 

therefore prosecute alcohol related crashes had a large impact on the reduction of serious injuries and 
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deaths caused by alcohol (Erke et al., 2009). Without a comparable road-side test, prosecution relies 

on the identification of a drowsiness-related crash. Unfortunately, post-crash investigations are often 

hindered due to drivers not admitting to, or unable to recall being sleepy in the moments prior to the 

crash. Using subjective drowsiness reports to accurately classify a hazardous driving event as 

drowsiness related may be an important step forward in mitigating crashes.  As older adults 

experience subjective and objective drowsiness differently to younger adults (Duffy et al., 2009; 

Lowden et al., 2009), these reports may differ according to the driversô age. Understanding the 

association between subjective sleepiness and objective driving outcomes, for both younger and older 

adults, will thus form the second part of this thesis.  

As drowsy driving crashes have an estimated annual economic cost of $2 billion in Australia 

(Sleep Health Foundation, 2019) and $12.5 billion (Knipling & Wang, 1994) in the United States, it 

is essential to identify the role of drowsiness in adverse driving outcomes and identify potential 

strategies for minimising its impact for all drivers. This thesis aims to address these questions and 

enhance our understanding of the impact of age and sleep loss on driving impairment, subjective 

sleepiness during driving, and whether subjective sleepiness is predictive of driving impairment or 

physiological drowsiness. 

1.2. Behaviours required for safe driving 

Being able to maintain a state of alertness where a driver can stay awake is critical for safe 

driving. Drivers are also required to simultaneously process complex auditory, visual and tactile 

stimuli (Anstey et al., 2005). Cognitive processes such as maintaining a constant state of vigilance 

and responding quickly to the environment, processing information quickly, and executive functions 

such as task switching, working memory, and inhibiting distractions (Jackson et al., 2013) all 

contribute to safe driving behaviour.  
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1.2.1. Alertness and Sustained Attention 

Remaining awake and alert is fundamental to driving safety. Alertness can be referred to as a 

state of readiness and is reflected in clear physiological changes observed from the autonomic nervous 

system (Posner & Boies, 1971), and as such, is not the opposite of drowsiness or sleepiness. Attention 

refers to the capacity to monitor and respond to the environment and is generally split into three main 

types - sustained attention, selective attention, and divided attention (Sarter et al., 2001). Sustained 

attention is the ability to detect and respond to randomly occurring stimuli over a prolonged period 

and determines the efficacy of selective and divided attention (Sarter et al., 2001; Sturm & Willmes, 

2001). Selective attention occurs when there is differential processing of simultaneous sources of 

stimuli, whereas divided attention involves an individual completing dual tasks, dividing their 

attention between the primary and secondary task (Johnston & Dark, 1986; Naveh-Benjamin et al., 

1998). Alertness and sustained attention are tightly coupled, such that much of the sleep science 

literature refers to sustained attention as vigilant attention (Lim & Dinges, 2008). 

Attention on the driving environment is imperative as it can impact motor response time to 

safety critical events, such as an emergency braking manoeuvre, due to failure in sustained attention. 

Other examples include distractions classified as either in-vehicle (e.g., handling the centre console 

or mobile phone), out-of-vehicle (e.g., watching an advertisement on an electrical billboard), or 

cognitive (e.g., talking on the phone hands-free) (Klauer et al., 2006; Regan et al., 2008) due to 

failures in both selective and executive attention, or cognitive control. These failures in attention are 

associated with increased crash risk. For instance, although late braking rear-end collisions form few 

fatalities on the road, they do comprise the most frequent type of motor vehicle crash (National 

Highway Traffic Safety Administration, 2012), while in and out-of-vehicle distractions, resulting in 

long diverted gazes (>2secs) away from the roadway are associated with three-fold increased the risk 

of crashing (Klauer et al., 2006). 
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1.2.2. Executive Functioning 

Executive functions include inhibitory control, task switching, and working memory, and are 

crucial domains required for safe driving behaviour (Anstey et al., 2005; Mäntylä et al., 2009). 

Working memory works in tandem with processing speed in the event of a novel or complex traffic 

situation, in which the driver accounts for any salient information, while also keeping in mind the 

current traffic situation (e.g., where other cars, pedestrians, or bicycles are located) before performing 

a motor response. Dual tasking is defined as coordinating attention to perform two tasks concurrently, 

which differs from multi-tasking, where an individual attends to one task at a time but switches 

rapidly between tasks (MacPherson, 2018). Switching between tasks incur a cost, where there are 

more errors and increased processing time for both tasks (Vandierendonck et al., 2010). Safe driving 

requires the ability to perform dual or multiple tasks adequately, such as operating the vehicle, 

attending to the surrounding environment, speaking with a passenger, all whilst being ready to quickly 

adapt driving behaviour in response to a sudden hazard in the environment (Depestele et al., 2020). 

Inhibitory control involves the suppression of behavioural responses to goal-irrelevant stimuli (Tiego 

et al., 2018). In the context of driving, an example would be the suppression of the impulse to answer 

or interact with a smartphone while on the road.  

1.2.3. Decision Making and Hazard Perception 

 Decision making is a complex cognitive process involving making a choice amongst a set of 

alternatives based on available information or criteria (Wang & Ruhe, 2007). It relies on both 

convergent and divergent skills (Harrison & Horne, 2000), that is, a mixture of well-known solutions 

combined with creativity and flexibility. In the context of driving, individuals need to make decisions 

prior to, and during the drive. For instance, an affirmative decision that they are alert and able to drive 

safely, and when driving, continuously making decisions based on environmental stimuli such as the 

traffic, route they are taking or when to give way or turn. A driver needs to be alert, able to maintain 
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attention on the task and have sufficient executive functioning capability to make safe driving 

decisions. 

Another key quality that is involved in safe driving is hazard perception, defined as the ability 

to perceive potentially dangerous situations on the road ahead (Horswill, 2016). Logically, if drivers 

have better hazard perception abilities, they are less likely to be involved in motor vehicle crashes. 

The training and testing of hazard perception could be a suitable requirement for a graduated driver 

licensing system in younger adults and has been implemented in licensing systems of many state 

governments in Australia (Palamara & Adams, 2005). Hazard perception training is also beneficial 

to older adults with existing licenses. Older adults (65-96 years) have poorer insight into their own 

rating of their hazard perception abilities, compared their performance in a video-based hazard 

perception test (Horswill et al., 2011). However, long term improvements in hazard perception ability 

in older adults were seen after a 35-minute hazard perception training intervention, such that 

significant improvements were seen immediately after the intervention, and at one and three month 

follow up after (Horswill et al., 2015). 

1.3. Factors that compromise cognitive processes responsible for safe driving 

 Many factors can impact the cognitive processes required for safe driving. As alertness 

underpins all aspects of cognitive behaviour, sufficient sleep is one of the most important factors for 

driver safety (Horne & Reyner, 1995a). Other factors that may impact susceptibility to sleep loss 

include time of day, stress, work-related factors, road environments and alcohol or drug use 

(Åkerstedt et al., 2017). Monotonous tasks such as long-distance driving in low-stimuli environments 

such as rural highways also exacerbate pre-existing sleepiness. 
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1.3.1. Impact of sleep loss on cognitive and behavioural processes responsible for safe 

driving  

1.3.1.1. The Two-Process Model for sleep 

The regulation of alertness is typically described though the two-process model of sleep. Here, 

alertness and sleep are regulated by two processes: the homeostatic drive for sleep (Process S), and 

the organismôs endogenous circadian pacemaker (Process C) (Borbély, 1982; Borbély et al., 2016). 

Process S represents increasing sleep propensity with increasing time spent awake. To create 

homeostatic balance, this pressure then dissipates during sleep (See Figure 1). Process C operates 

independently from prior sleep and oscillates within an approximate 24-hour period to produce 

periods of high and low sleep propensity (Borbély, 1982). The drive to sleep is high during the 

biological night, and low during the biological day. Process C is regulated by an endogenous 

pacemaker in the suprachiasmatic nucleus and is entrained to the environmental light-dark cycle 

(Daan et al., 1984). Together, these processes determine the fluctuation of alertness across the 24-

hour day, and describe three major physiological determinants of alertness: time awake or acute sleep 

loss, where alertness is degraded due to insufficient sleep, remaining awake during the biological 

night, and chronic partial sleep loss, where alertness is degraded due to a night sleep duration that is 

unable to restore homeostatic balance, resulting in sleep debt (Pilcher & Huffcutt, 1996; Reynolds & 

Banks, 2010). 
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Figure 1. The two-process model of sleep. Process S shows continuous build-up of sleep pressure. 

Process C shows the circadian rhythm. Adapted from (Vosko et al., 2010). 

 

 The impact of increasing homeostatic sleep propensity coupled with the circadian nadir is 

seen by increased risk of road crashes at night (Åkerstedt et al., 2001; Horne & Reyner, 1995b). In a 

comparison study of simulated and real-road highway driving, there was significantly increased 

driving impairment when driving at night compared to driving during the day (Hallvig et al., 2014). 

The temporal profile of driving impairment is comparable to circadian temporal changes in 

physiological signs of drowsiness such as ocular indices, subjective sleepiness and neurobehavioural 

performance (Dijk & Czeisler, 1995; Ftouni, Rahman, et al., 2013; Manousakis et al., 2021). 

1.3.1.2. Other Causes of Sleepiness 

 Other factors that may impact sleepiness unrelated to sleep metrics include monotony of a 

task (such as night-time highway driving), increased stress, any acute or chronic illnesses, age, sex 

and work-related factors (Åkerstedt et al., 2017). In a shift-work environment, factors such as time of 

day can affect subjective sleepiness, whereby sleepiness is higher at the end of night shifts and 

morning shifts (around 5AM) (Axelsson et al., 2004; Lowden et al., 1998). Heightened acute and 

chronic stress is associated with subjective and objective sleep disturbances (Åkerstedt et al., 2007; 
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Hall et al., 2004; Hall et al., 2015) and increased subjective sleepiness (Dahlgren et al., 2005). 

Women, adults greater than 45 years old, and those who have acute illness experience significantly 

greater sleepiness across a normal working day, compared to men, adults younger than 45 years or 

otherwise healthy adults, respectively (Åkerstedt et al., 2017). 

1.3.1.3. Arousal and Sustained Attention 

Extended periods of wakefulness cause a fluctuation along the sleep-wake continuum, 

whereby alertness become a more variable state. This state instability results in microsleeps ï a brief, 

involuntary moment of sleep intrusion (i.e., a ósleep attackô) (Doran et al., 2001), which is associated 

with impaired cognitive functioning, particularly the ability to sustain attention. An EEG defined 

microsleep occurs when theta activity (4-7 Hz) occurs longer than three to 15 seconds, in the absence 

of alpha activity (8-11 Hz) (Harrison & Horne, 1996). As these are difficult to measure and capture, 

particularly in more ecological real-world environments, behavioural microsleeps are instead 

monitored. These are brief periods of non-responsiveness to stimuli during cognitive testing and is 

typically associated with a partial or fully closed eyelid, generally lasting between three to 15 seconds 

(Innes et al., 2013). State instability of alertness is enhanced by increased time awake and time-on-

task (Doran et al., 2001). As sleep loss progresses, lapses and reaction time become more frequent 

and longer on a sustained reaction task (see Figure 2). As such, behavioural microsleep represents a 

severe level of impairment, with associated lapses in sustained attention likely due to alertness failure 

(e.g., falling asleep at the wheel). 
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Figure 2.  Individual reaction times across total sleep deprivation showing greater impairment with 

extended wake and time-on-task effects. Adapted from (Doran et al., 2001). 

 

Sleep loss causes deterioration in sustained attention, most typically shown by impaired 

performance on the Psychomotor Vigilance Task (PVT) with time spent awake (Graw et al., 2004; 

Lim & Dinges, 2008). Lapses of attention during the PVT have been attributed to falling asleep or 

behavioural microsleep (Doran et al., 2001), but also due to inattention and diverted gaze (Anderson 

& Horne, 2006; Anderson et al., 2010). This suggests that deficits in sustained attention (and 

associated PVT lapses) are due to both sleepiness-induced state instability and sleep-loss induced 

inattention and distractibility (see also 1.3.1.4). This has implications for safe driving, as impaired 

sustained attention is predictive of impairment on a simulated driving task under conditions of sleep 

loss (Jackson et al., 2013). 
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1.3.1.4. Executive Functioning 

Sleep loss also impacts attentional (cognitive) control, that is, the capacity to direct attention 

to the task in hand while ignoring irrelevant stimuli. Sleep restricted individuals are impaired in their 

capacity to ignore peripheral stimuli, as measured using an anti-saccade task (Lee et al., 2015). 

Moreover, this inhibitory control appears to also show circadian modulation, and is particularly 

compromised during periods of extended wake (Collet et al., 2020). This impairment represents 

cognitive impairment beyond simply staying awake. The allocation of attention relies on appropriate 

switching and inhibition of the dorsal prefrontal cortex and frontal parietal attention networks 

(Corbetta et al., 2008). Sleep loss preferentially affects the prefrontal cortex, due to its high metabolic 

load during the day, and therefore preferential need for recovery at night (Horne, 1993). Sleep loss is 

associated with reduced activation in these areas and impaired performance on cognitive tasks (Chee 

& Tan, 2010; Thomas et al., 2000). 

Taken together, we can conclude that sleep loss affects not only arousal, but also cognitive 

processes such as decreased attentional maintenance and increased distractibility. This is reflected in 

simulated and on-road driving. In a study of sleep restricted individuals undertaking a 2-hour 

simulated drive during the afternoon, sleep loss led to a greater number of long glances away from 

the road ahead, with a greater number of long glances associated with greater lane deviations in sleep 

restricted individuals (Anderson & Horne, 2013). Following sleep deprivation, drivers showed more 

random gaze patterns and decreased fixation on the forward roadway, which was predictive of 

increased lane deviations and near crashes (Shiferaw et al., 2018). Moreover, drivers are more likely 

to look toward their lap or the centre console when drowsy, and for longer durations compared to 

when they are alert, while commuting to and from shift work (Kuo et al., 2018). This suggests that 

sleep loss leads to decreased inhibition control during driving, such that the driver is unable to 

maintain attention on the driving task and is more distracted by irrelevant stimuli in the environment, 

leading to driving impairment. 
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1.3.1.5. Decision Making 

Real word decision making involves deliberation, anticipation of consequences, planning, 

keeping track of events, and avoiding distractions (Couyoumdjian et al., 2010; Shadlen & Kiani, 

2013). In the context of driving, this involves a) decisions to be made on-road while driving (e.g., 

when to turn at a stop light), and b) an individual deciding that they are fit to drive. Like executive 

functions, decision making relies heavily on the prefrontal cortex, and is vulnerable to sleep loss, such 

that one night of sleep deprivation results in significant deterioration in these processes (Harrison & 

Horne, 2000). During driving, key decision-making skills are situation assessment and strategy 

decision (Noh & An, 2017). This involves assessing the environment and deciding whether to engage 

in a simple manoeuvre such as slowing down in reaction to the forward vehicle, or complex 

manoeuvres such as lane switching to overtake the forward vehicle. When drowsy, individuals are 

more willing to take risks when they are considering gain (e.g., arriving to destination faster), but are 

less likely to make risky decisions when considering a loss (e.g., loss of demerit points) (McKenna 

et al., 2007). While impaired decision making due to sleep loss can lead to increased risky driving 

behaviours and risk of crash, little research has focussed on sleep loss and actual poor driving 

decisions. 

1.3.1.6. Impact of Sleep Loss on Driving Behaviour 

Individuals completing a simulated driving task under conditions of sleep loss show driving 

impairment as characterised by increased standard deviation of lane position (SDLAT) (Akerstedt et 

al., 2010; Jackson, Raj, et al., 2016; Kosmadopoulos et al., 2017), speed variability (Howard et al., 

2014; Sahayadhas et al., 2013), lane departures (Davenne et al., 2012; Filtness et al., 2014; Filtness 

et al., 2012), and braking reaction time in response to a presented stimulus (Jackson, Raj, et al., 2016).  

On-road driving studies provide more ecologically valid evidence of driving impairment 

following sleep loss compared to driving simulator studies. They comprise both track and naturalistic 

driving environments. While naturalistic driving studies are perhaps more generalisable and often 
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used in shift-work populations (Anderson et al., 2018; Mulhall et al., 2020), track studies allow for 

the safe monitoring of individuals under extreme conditions of sleep loss and therefore enable the 

assessment of severe impairment outcomes such as near crash events (Lee et al., 2016; Shiferaw et 

al., 2018). The two most common driving impairment outcomes utilised by on-road driving studies 

are lane deviations, which indicate a moderate level of impairment, and near crashes, which indicate 

the severe, end-state level of impairment. This latter outcome is the closest outcome to measuring 

real crash risk (given the low prevalence of real crashes, these are typically not captured in a study 

environment, unless the study is highly powered, e.g., the 100-car naturalistic study [Klauer et al., 

2006]). 

Driving performance is also sensitive to time of day, demonstrating the role of the circadian 

system in modulating alertness and associated driving outcomes. Night-time driving is associated 

with higher levels of sleepiness and impaired driving performance (Hallvig et al., 2014; Sandberg et 

al., 2011). Compared to daytime driving, night-time driving led to a reduction in speed and a shift in 

lateral position towards the centre line and increased risk of lane crossings (Sagaspe et al., 2008), 

greater variability in lateral lane position and SDLAT (Anund et al., 2013), speed variability 

(Sandberg et al., 2011) and drive terminations due to the potential risk in continued driving (Åkerstedt 

et al., 2013).  Synergistic interactions between circadian phase, prior wake and sleep debt are also 

observed (Matthews et al., 2012), such that while driving performance was influenced by both time 

spent awake and time of day, the effect of circadian phase was more pronounced when hours of prior 

wake were extended. 

 Shift workers are a high-risk population for drowsy driving. During commutes following 

night shift work in nurses, both subjective sleepiness and physiological drowsiness symptoms 

increased significantly, as well as the number of self-reported hazardous driving events (Ftouni, 

Sletten, et al., 2013). Additionally, shift workers were over eight times more likely to experience 

hazardous driving events such as having a near crash or hitting roadside rumble strips during the 
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commute home after an 8-10h shift (Anderson et al., 2018). While these were self-reported events, 

Lee et al. (2016) assessed real driving performance following a night of work on a closed loop track. 

The post night shift drive had significantly higher number of lane departures, 11 near crashes and 

seven drive terminations. Severe levels of impairment were present after 45min of driving, suggesting 

that longer commute time post nightshift leads to increased risk of crashing. 

Time-on-task effects are seen in subjective and objective measures during simulated and real-

world driving tasks (Akerstedt et al., 2010; Lee et al., 2016). Akerstedt et al. (2010) reported 

significant time-on-task effects for SDLAT, indicating that lateral variability is affected by both sleep 

loss and simulated drive duration. Time-on-task effects are also evident in on-road driving, for both 

subjective reports of drowsiness and driving impairment (Lee et al., 2016). Here, frequency of lane 

crossing events and subjective ratings of sleepiness increased with drive duration, which was 

independent of driving condition (i.e., observed in both well-rested and sleep deprived conditions). 

Time-on-task is exacerbated by sleep loss (Otmani et al., 2005), suggesting that the impact of sleep 

loss on driving performance can be compounded for those completing long drives, e.g., long haul 

truck drivers. 

1.3.1.7. Physiological Signs of Drowsiness 

Physiological measures of drowsiness include changes in brain activity measured by EEG, 

and changes in eye and eyelid movements measured by oculography (Anderson et al., 2013; Ftouni, 

Rahman, et al., 2013; Kecklund & Akerstedt, 1993). These metrics are sensitive to sleep loss and 

include changes in spectral power density with toward the lower frequencies indicating drowsiness, 

to an EEG scored microsleep, where theta activity occurs longer than three to 15 seconds, with a 

concomitant absence of alpha activity (Harrison & Horne, 1996). There are many other physiological 

indicators examined within the literature such as changes in respiration (Cooper & Phillips, 1982; 

Phillips, 1985), heart rate variability (Kaida et al., 2007), posture (Caldwell et al., 2003), peripheral 

body temperature (Vaara et al., 2009) and increased head nodding (Howard et al., 2014). However, 
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this thesis will focus on ocular variables of drowsiness, as they are currently the most utilised outcome 

in native and commercial fatigue detection devices and are highly validated as a physiological 

measure of drowsiness (Cori et al., 2019). 

Sustained wakefulness leads to a progressive increase of alpha and theta activity, with each 

hour spent awake (Cajochen et al., 1995). Increased theta and alpha activity are also associated with 

decreased cognitive functioning including response inhibition (Posada-Quintero et al., 2019), slower 

reaction times (Galliaud et al., 2008) and increased behaviour errors on various cognitive tasks 

(Bernardi et al., 2015; Quercia et al., 2018). Fluctuations of EEG activity also exhibit a circadian 

rhythm, increasing during the biological night, and is phase locked to deficits in neurobehavioural 

performance (Cajochen et al., 1999). In a driving context, increased alpha and theta activity is 

associated with lane deviations (Horne & Baulk, 2004), SDLAT (Perrier et al., 2016), steering wheel 

deviation (Vakulin et al., 2016) and increased subjective sleepiness (Kecklund & Akerstedt, 1993) in 

both simulated and naturalistic studies. While the use of EEG to measure alertness in laboratory 

studies are the current gold-standard, the sensitive nature of EEG makes it more problematic in on-

road studies, due to increased potential for noise and artefact with increased head movement (e.g., 

head checks when merging lanes). 

To address this, research has identified overt physiological measures of drowsiness that can 

be continuously monitored and detected under real driving conditions including ocular indices of 

alertness (Anderson et al., 2013; Cori et al., 2019), or head movements/dropping down (Kuo et al., 

2018; Lee et al., 2008; Radwin et al., 2017; Yang et al., 2020). Ocular metrics are an accurate measure 

of alertness and are extremely sensitive to sleep loss (Anderson et al., 2013; Ftouni, Rahman, et al., 

2013; Jackson, Kennedy, et al., 2016). Sleep loss is associated with decreased blink rate (Shiferaw et 

al., 2018) and increased blink duration (Caffier et al., 2003), an increase in the percentage of time the 

eyelids are closed more than 80% (PERCLOS) (Dinges & Grace, 1998; Wierwille et al., 1994), slow 

eyelid closure (Jackson, Raj, et al., 2016), and long eye closures, defined as eye closures >300ms 
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(Mulhall et al., 2020). Long eye closures greater than 500 milliseconds and shorter than 15 seconds 

have been defined as a behavioural microsleep and can be detected using oculography and 

electrooculography (EOG) (Poudel et al., 2010). 

A blink is a reflexive brief closure of the eyelids that can occur instinctively, voluntarily, 

spontaneously, or in response to foreign stimuli (M. Johns, 2003). Blinks in alert individuals often 

last around 100-300 milliseconds, but whole blink duration becomes longer (>500 milliseconds) 

when drowsy, especially during monotonous tasks (Caffier et al., 2003; Wilkinson et al., 2013). 

Whole blink duration is measured as the time taken between the closing phase of a blink, and the 

reopening phase of a blink until the eye is fully open. Ocular variables such as blink rate, blink 

duration, PERCLOS, blink velocity and amplitude and pupil instability are sensitive to sleep loss 

(Cori et al., 2019; Ftouni, Rahman, et al., 2013; Johns et al., 2009;  Johns, 2003). See Figure 3 for an 

example of various eye blink parameters used in the detection of drowsiness. 

 

 

Figure 3. Example schematic of eye-opening and eye blink tracking using multiple technologies. Adapted 

from Cori et al. (2019). 

 

PERCLOS is an established and reliable indicator of alertness failure, especially during 

sustained attention and driving tasks (Abe et al., 2011; Chua et al., 2014). PERCLOS is highly 

sensitive to sleep loss and is strongly correlated with PVT lapses and impairment on other cognitive 
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tasks (Abe et al., 2011; Dinges & Grace, 1998). PERCLOS is also highly associated with impaired 

simulated driving outcomes such as SDLAT and steering wheel control (Jackson, Raj, et al., 2016; 

Mortazavi et al., 2009). In drowsy driving studies, driving simulators exacerbate both subjective and 

physiological drowsiness symptoms compared to on-road driving, due to decreased stimuli such as 

little oncoming traffic, less elaborated landscape, and no serious consequences for driving off the 

road (Hallvig et al., 2013). However, in on-road driving studies, PERCLOS is also significant 

predictor of lane deviations (Liang et al., 2019) and is utilised in machine learning algorithms to build 

alertness/fatigue models, which can then alert the driver when they are classified as drowsy (Xu et 

al., 2008; Yan et al., 2016). The current criteria for capturing ocular measures during drowsy driving 

in on-road driving studies (Lee et al., 2016; Shiferaw et al., 2018) has been calculated using a younger 

adult sample. Considering the physiological changes that occur due to normative ageing such as ptosis 

which occurs when the upper eyelid begins to droop (Finsterer, 2003), these current criteria may not 

accurately reflect eye and eye lid closure in an older driving sample. However, no study has been 

conducted to examine the impact of age on ocular measures of drowsiness in an older population. 

Ocular measures need to be validated in an older population to ensure that fatigue monitoring devices 

also accurately capture drowsiness for this age group. 

1.3.2. Impact of age in cognitive and behavioural processes responsible for safe driving 

Older drivers are at greater risk of a fatal or serious-injury motor vehicle accident (Hakamies-

Blomqvist, 2004). Normative ageing can impact driving performance due to various factors including 

impairment of cognitive processes such as attention, task-switching and processing speed (Chadick 

et al., 2014; Gazzaley et al., 2005); vision impairment (Ortiz-Peregrina et al., 2020); and impaired 

visual field processing and risk evaluation (Rogé et al., 2008). There is currently little research on the 

interaction effects of age and sleep loss on driving performance. It is imperative to examine how age-

related deterioration in these factors affect driving performance, as this informs educational strategies 

to improve road safety for an older driver population. 
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1.3.2.1. Arousal and Sustained Attention 

 Normative ageing is associated with changes in sustained attention. Older adults have longer 

reaction times and fewer errors on sustained attention tasks such as the Sustained Attention to 

Response Task, compared to younger adults (Carriere et al., 2010; Staub et al., 2013; Staub et al., 

2015). Possible explanations for longer reaction times in older adults includes slower processing 

speed in older compared to younger adults, or that older adults are utilising a more conservative 

strategy when performing these tasks to compensate for their deficits in inhibitory control 

(Harnishfeger, 1995; Harnishfeger & Bjorklund, 1993). In addition, older adults are more reluctant 

to commit errors in laboratory tasks, opting to take a cautious approach to prioritise accuracy over 

speed, leading to fewer errors (Forstmann et al., 2011). 

Older adults also perform worse in attention and driving-related cognitive tasks compared to 

younger adults (Bartolacci et al., 2020), however, they tend to compensate by being more cautious in 

traffic-related situations. Older adults tend to have slower reaction time during selective attention 

tasks about driving skills and tachistoscope traffic perception tests (Bartolacci et al., 2020; Kuo et al., 

2016). Like their approach for cognitive tasks in laboratory studies, older adults may be compensating 

by employing more caution in situations of high risk, such as traffic-related situations or tasks.   

1.3.2.2. Executive Functioning 

Other cognitive processes such as working memory, inhibitory control, attentional control, 

and dual-tasking ability also show age-related decline. This can have a detrimental effect on driving 

ability (Anstey & Wood, 2011; Cuenen et al., 2015, 2016; Harada et al., 2013; Lezak et al., 2012; 

Salthouse, 2019). These cognitive impairments are reflected by age-related changes to neural 

structure and neural connectivity ï namely in the frontoparietal and medial temporal regions, which 

also impacts age-related decline in motor functioning (Fjell et al., 2017; Sigurdsson et al., 2012; 

Ward, 2006). These changes lead to a reduction in grey matter volume, and disintegration of white 

matter tracts, such that 82.5% of higher order functioning decline can be attributed to neurobiological 
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changes with age (Fjell et al., 2017). As such, these normative neural changes as a function of ageing 

can all contribute to impaired driving performance in healthy older adults. 

Decline in inhibitory control occurs with age and has a substantial impact on daily functioning 

(Harnishfeger, 1995; Harnishfeger & Bjorklund, 1993). Age related deficits are evident in a battery 

of cognitive tasks that assess inhibitory control. Older adults are slower to initiate saccades towards 

a target and have greater errors on anti-saccade trials (Peltsch et al., 2011), are slower to respond to 

targets on go/no-go tasks, with fewer successful inhibitions (Nielson et al., 2004), and have more 

incongruent colour-naming latency and errors during Stroop tasks (Bugg et al., 2007), compared to 

younger adults. Inhibitory control is also impacted by working memory, where older adults 

completing inhibitory tasks coupled with a high working memory load show compromised inhibitory 

efficiency (Roberts et al., 1994). When comparing younger and older adultsô performance in a go/no-

go task with a divided attention condition to increase working memory load, there is greater slowing 

of reaction time for the older adults than younger adults in the divided attention condition, compared 

to their reaction time in the full attention condition (Grandjean & Collette, 2011). Therefore, not only 

are older adults more impaired due to normative deficits in inhibitory control, but there is also 

evidence of greater degradation of performance when completing multiple tasks. As driving is a 

complex task that often requires efficient task-switching or fast reaction to salient stimuli, older adults 

may have greater risk of an adverse driving event when driving in stimuli rich environments such as 

intersections and give way turns. 

1.3.2.3. Decision Making 

 As executive functioning steadily declines with age, older adults may have difficulty making 

decisions that require executive processes, such as choices requiring multiple factors or options to be 

simultaneously considered (Samanez-Larkin & Knutson, 2015). This could impact driving scenarios 

where a driver must make a split-second decision to avoid an adverse driving event ï older adults 

may take longer and be too late to react. However, domain-specific knowledge (also known as 
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crystallised cognitive abilities) may be conserved in ageing (Park & Schwarz, 2012), such as the 

autonomous action of driving accumulated across years of driving experience and familiarity with 

the road environment. Therefore, decision-making capacity may depend on the cognitive load of the 

driver (e.g., decreased decision-making capacity in an unfamiliar environment or vehicle vs. driving 

around their neighbourhood in their own vehicle). An older adult deciding that they are safe to drive 

is also impacted by age. Older drivers have poor insight into their own driving abilities that are 

associated with increased crash risk, such as hazard perception (Horswill et al., 2011; Horswill et al., 

2013), and therefore may be vulnerable to increased risk of adverse driving events. 

1.3.2.4. Driving Behaviour 

 Older drivers appear to be more vulnerable to distracted driving behaviours compared to 

younger drivers (Young et al., 2007). For instance, and notwithstanding methodological differences, 

in Australian older drivers, 37% of drive time is spent engaging in secondary tasks (Young et al., 

2018), compared to over 15% (1200 out of 7800) observed clips of distracted driving in a naturalistic 

study of younger drivers in North Carolina (Foss & Goodwin, 2014). This has potentially dangerous 

implications as older drivers are less effective at dividing attention between two simultaneous tasks 

(Mourant et al., 2001; Verhaeghen et al., 2003; Ward et al., 2018). Older drivers exhibit self-

regulatory behaviour, restricting high-risk tasks that requires taking hands off the steering wheel and 

eyes off the roadway (such as reading, mobile phone use, and reaching for objects) to periods where 

the vehicle is stationary (Charlton et al., 2013). While this does suggest that older drivers are actively 

involved in reducing the risk associated with distracted driving, it relies on drivers being aware of 

their limitations and accurately assess risk of a hazardous event. 

 Driving relies heavily on an individualôs visual capabilities (Lijarcio et al., 2020; Sivak, 1996). 

Visual function characteristics such as visual acuity and contrast sensitivity in healthy eyes peak in 

the mid-twenties to 30, and gradually declines with old age (Sekuler et al., 1982). Contrast sensitivity 

refers to an individualôs ability to detect a wide range of visual target sizes, with greater sensitivity 
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meaning a higher threshold to change and contrast (Sekuler et al., 1982). There is also significant loss 

of lens transparency, whereby the lens becomes more occluded with age (Mart²nez Roda et al., 2016). 

This increases intraocular scattering, where light scatters in the eye and produces a veil of straylight 

over the retina (Van Den Berg et al., 2007). Greater impairment of contrast sensitivity is associated 

with at-fault motor vehicle crashes (Owsley et al., 2001), and is a significant predictor of driving 

impairment in on-road studies (Gray & Regan, 2007; Wood & Alfred, 2005). Increased contrast 

sensitivity showed the strongest correlation with SDLAT and standard deviation in steering wheel 

angular velocity in older adults compared to younger adults (Ortiz-Peregrina et al., 2020). Older 

adults with normal vision also perform worse than younger adults, with poorer detection and 

recognition of hazards and road signage during a daytime drive on a closed track loop (Wood, 2002). 

 To summarise, older adults are a vulnerable population for motor vehicle crashes, such that 

age-related decline in cognitive performance and motor processes, alongside changes in visual acuity, 

all contribute to an increased risk of a motor vehicle accident. 

1.3.2.5. Other Factors 

Differences in driving in older adults are also impacted by other determinants such as gender, 

socioeconomic status, use of medication, alcohol or drugs, the road environment, and driving speed. 

Overall, research suggests that driving cessation was significantly greater in females and older aged 

adults, for those with medical disorders, and for night-time drives (Charlton et al., 2019). 

Furthermore, oa20lder adults are also more likely to be involved in accidents in lower speed 

environments, such as pedestrian crossings, stop or give way signs, or intersection navigation, 

following low alcohol content consumption, during the daylight hours, and/or involving other 

vehicles (Koppel et al., 2011; Langford & Koppel, 2006). Crashes involving older drivers are also 

more likely to result in serious injuries (Eberhard, 2007; Fildes et al., 1994). 
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1.4. Effects of sleep loss in older versus younger adults 

As older adults also exhibit changes in sleep, such as shortened sleep duration and increased 

sleep fragmentation (Conte et al., 2014; Ohayon et al., 2004), the extent to which they are further 

compounded by sleep loss is important to understand in the context of road safety.  

1.4.1. Evidence from laboratory studies 

 Given the deterioration in sleep quality experienced by older adults, a similar deterioration in 

alertness and performance might be expected during the waking state. However, the opposite is 

observed in sleep-deprivation studies comparing mood, working memory and sustained attention in 

younger and older adults under conditions of sleep loss (Adam et al., 2006; Duffy et al., 2009; 

Gerhardsson et al., 2017; Pasula et al., 2018; Schwarz et al., 2018). Younger adults have longer 

reaction time and increased number of lapses on the PVT, and report being sleepier, compared to 

older adults across periods of extended wake (Adam et al., 2006; Duffy et al., 2009). Following sleep 

deprivation, emotional working memory is intact for older adults, but is impaired in younger adults 

(Gerhardsson et al., 2017). 

1.4.2. Evidence from driving studies 

 This paradoxical conclusion that older adults perform ñbetterò when drowsy compared to 

younger adults is also seen in driving performance. Statistically, young drivers are overrepresented 

in fatal drowsy-driving incidents in developed countries (Horne & Reyner, 1995b; Pack et al., 1995). 

Indeed, sleep restricted younger drivers perform worse than older drivers in a two-hour simulated 

driving task with great number of lane departures, and show greater physiological signs of drowsiness 

(Filtness et al., 2012). Comparable to findings by Adam et al. (2006) and Duffy et al. (2009) with 

similar sleep manipulation protocols, younger adults also report near-significant higher level of 

subjective sleepiness (Filtness et al., 2012). 
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 Driving studies often report that older drivers perform better under conditions of sleep loss, 

experience fewer adverse driving events (crashes or near crashes), and experience less physiological 

(EEG) signs of sleepiness (Campagne et al., 2004; Lowden et al., 2009; Scarpelli et al., 2021; Vaz 

Fragoso et al., 2010). However, in contrast, Bartolacci et al. showed that older adults performed worse 

than younger adults on driving-related attention and perception tests following sleep loss (Bartolacci 

et al., 2020). While Bartolacci et al. (2020) report age as a strong predictor for driving-related 

cognitive impairment, older drivers are also exhibit more cautionary behaviour in traffic situations, 

which might mitigate the risk of a crash, accounting for the lower crash risk observed in 

epidemiological studies.   

 The notion that older adults are more ñresilientò to sleep loss is counter-intuitive when 

considering that older adults have poorer sleep outcomes relative to younger adults. One explanation 

that may account for this observation is that sleep deprivation studies looking at age differences 

typically utilise tasks that measure drowsiness as alertness failure indicated by microsleep or fall 

asleep events. Older adults may be less likely to fall asleep (even at night as reflected by prolonged 

sleep latency), yet still exhibit other aspects of sleep-related driving impairment (e.g., enhanced 

distractibility).  

1.5. Public health strategies to reduce sleep related crashes in younger and older 

adults 

 Public health campaigns aim to increase awareness of and reduce drowsy driving. The ñPause 

Stopò campaign by the Transport Accident Commission, Victoria, involves the introduction of ñrest 

sitesò where drivers can pull over and ñrechargeò in regional Victoria, Australia, where the driving 

environment can be remote and unstimulating (Transport Accident Commission, 2021). As accidents 

are more likely to occur on a highway during night-time driving (Hallvig et al., 2014), these rest stops 

serve as an opportunity for drivers to cease driving when sleepy, which may reduce the number of 

drowsy drivers on the road and thus the risk of an accident occurring. However, such campaigns i) 
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rely heavily on a driverôs subjective awareness of their level of drowsiness, and ii) do not target 

specific age groups. The success of these ñcease drivingò campaigns depend on whether a driver can 

accurately assess their level of alertness. While data suggests that older drivers are more likely to 

notice drowsiness and cease driving (Watling et al., 2015), younger drivers may be less aware of 

drowsiness, less aware of the crash risk associated with drowsy driving or choose to continue driving 

despite feeling sleepy and/or knowing the potential risk (Smith et al., 2005). Therefore, it is crucial 

to investigate subjective awareness of sleepiness in both younger and older drivers.  

A road safety campaign aimed towards both younger and older drivers by the New South Wales 

Centre for Road Safety in Australia called ñDonôt trust your tired selfò aims to educate drivers in 

assessing their level of sleepiness and provides plans of action if the driver is fatigued (Transport for 

New South Wales, 2020). This campaign is primarily aimed towards high-risk populations, such as 

young males aged 19-49 years (as they are more likely to be involved in a fatigue related crash). 

However, the secondary audience are older males aged Ó50 years, who are more likely to be involved 

in afternoon crashes due to a reduction in night-time driving (Langford & Koppel, 2006). This 

campaign is one of the few that focus on both age groups, with most campaigns targeting one 

population demographic (e.g., younger drivers, older drivers, shift workers, etc.). It also educates 

drivers to be aware of their level of sleepiness, which is the first step of mitigating the risk of a 

drowsiness related crash. 

1.6. Subjective awareness of sleepiness in younger and older adults 

 It is important for individuals to be able to self-monitor sleepiness through periods of sleep 

loss, due to the dangerous implications for not only driving, but other safety critical occupations and 

procedures. There is currently growing research into the accuracy of individuals to assess their own 

sleepiness, compared to objective measures such as EEG or ocular indices of alertness, or 

performance on sustained attention or simulated driving tasks.  
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When assessing an individualôs awareness of their sleepiness, many studies compare levels of 

subjective sleepiness with physiological measures of drowsiness, including alpha (8.5-13Hz) and 

theta (4.5-8Hz) activity indicating physiological sleepiness (Dement & Carskadon, 1982; Gorgoni et 

al., 2014) or EOG derived measures of sleepiness such as slow eye movements (SEM) and slow 

pendular movements of the eyes (Torsvall & Åkerstedt, 1988). SEMs appear in the drowsy, waking 

state and continue through to stage 1 sleep, occurring most frequently in the minute prior to a fall 

asleep event (Torsvall & Åkerstedt, 1988). Seminal research by Åkerstedt and Gillberg (1990) found 

that sleep-deprived individuals have good insight into their increasing sleepiness, as measured by the 

Karolinksa Sleepiness Scale (KSS). The KSS requires participants to rate their feelings of sleepiness 

on a 9-point scale, from ñvery alertò (score = 1), to ñvery sleepy ï fighting sleepò (score = 9). The 

KSS is a reliable indicator of subjective sleepiness, and is sensitive to extended wakefulness (Kaida 

et al., 2006), circadian timing (Dijk et al., 1992), time-on-task (Akerstedt et al., 2010), and impairment 

in simulated (Filtness et al., 2012; Reyner & Horne, 1998) and real-world (Anderson et al., 2018; 

Ftouni, Sletten, et al., 2013) driving. In sleep-deprived individuals, subjective sleepiness was strongly 

correlated with alpha and theta EEG activity and SEMs (Åkerstedt & Gillberg, 1990). However, these 

physiological indices of alertness did not reliably occur until participants were extremely sleepy. This 

suggests that individuals may be more aware of sleepiness prior to any observed signs, e.g., an ñearly 

warning systemò. Indeed, Manousakis et al. recently reported strong correlations between subjective 

sleepiness and impairment on the PVT, which was exacerbated following sleep loss (Manousakis et 

al., 2021). 

Ocular measures such as positive amplitude/velocity ratio of a blink have good predictive 

capacity with the KSS at predicting PVT lapses across a 40-hour extended wake period (Ftouni, 

Rahman, et al., 2013). Moreover, KSS scores are comparable, if not better, to objective measures of 

alertness (Pupillary Unrest Index) when predicting impaired performance (PVT lapses) and alertness 

failure (microsleeps and SEM) in sleep-deprived young adults (Maccora et al., 2018). Taken together, 
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subjective sleepiness could be an early indicator of oncoming objective alertness failure and critical 

for the success of public education ñcease drivingò campaigns. 

To address this in a driving context, it is important that individuals can self-monitor sleepiness 

levels while driving under conditions of drowsiness. Studies examining the association between 

subjective sleepiness and driving impairment report mixed findings. Some report that subjective 

sleepiness increases with sleep loss and is associated with driving impairment (Anund et al., 2017; 

Horne & Baulk, 2004; Howard et al., 2014), whereas other studies found no significant associations 

between subjective sleepiness and lane deviations (Anund et al., 2013; Mulhall et al., 2020; 

Williamson et al., 2014). Chapter 4 will provide a more in-depth review of subjective and objective 

measures of sleepiness during driving, in the form of a systematic review. 

While younger and older adults may differ in their ability to accurate assess self-sleepiness, there is 

limited research on the impact of age on an individualôs ability to self-monitor sleepiness. One 

simulated driving study found that both age groups demonstrated good self-insight into growing 

sleepiness following sleep restriction, with close correlations between EEG and subjective sleepiness 

measures (Filtness et al., 2012). Despite both age groups demonstrating good insight into self-

sleepiness, the predictive capability of subjective sleepiness and driving impairments or alertness 

failure were not examined. Investigation of the impact of age on the predictive capacity of subjective 

measures of sleepiness on alertness failure and adverse driving events is required to expand on 

previous findings by Filtness et al. (2012). 

1.7. Conclusion and current research directions 

Given the high prevalence of drowsy driving, coupled with the large economic cost and 

contribution to burden of disease and fatalities (Knipling & Wang, 1994; National Highway Traffic 

Safety Administration, 2015; Transport Accident Commission, 2019), it is crucial to investigate and 

identify subjective and objective indices of drowsiness to a) improve continuous fatigue monitoring 

technology efficacy, and b) inform educational intervention programs, for both younger and older 



 

Page | 28  

 

adults. We challenge a counterintuitive conclusion in existing research ï that older adults are more 

resilient to the effects of sleep loss, as they are appear impaired relative to their well-rested state 

(albeit less so than younger adults) in both laboratory (Duffy et al., 2009) and driving studies (Filtness 

et al., 2012). Lastly, the impact of age on an individualôs ability to assess subjective sleepiness and 

the association with real-road adverse driving events are yet to be examined. As such, this thesis aims 

to investigate the impact of age on subjective and objective indices of drowsy driving in younger and 

older adults. 

1.8. Thesis Aims and Hypotheses 

This thesis aimed to examine the impact of sleep loss on subjective and objective indices of 

drowsiness while driving in younger and older drivers, including a thorough examination of driversô 

awareness of sleepiness while driving and the extent to which subjective sleepiness could predict 

adverse driving outcomes. Given the focus on age, this thesis examines any potential age differences 

in these associations. 

Aim 1: To examine the impact of age on driving performance and physiological measures of 

drowsiness following sleep deprivation during an on-road driving task (Chapter 3). 

Hypothesis 1a: Younger adults would show greater driving impairment and physiological 

drowsiness following sleep loss compared to older adults.  

Hypothesis 1b: Older adults would show increased driving impairment and physiological drowsiness 

when sleep deprived relative to their well-rested drive. 

Aim 2: To conduct a systematic review to answer the research question: ñAre drivers aware of 

sleepiness while driving, and to what extent does subjective sleepiness accurately reflect driving 

impairment?ò (Chapter 4). 

Aim 3:  To examine the impact of age and sleep deprivation on subjective sleepiness, and the 

predictive capacity of several subjective sleepiness measures including the Karolinska Sleepiness 

Scale, Likelihood of Falling Asleep scale, and Sleepiness Symptoms Questionnaire (Chapter 5). 
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Hypothesis 3: Subjective sleepiness ratings would increase for both younger and older adults, and 

that subjective sleepiness ratings would significantly predict objective driving and drowsiness related 

outcomes in the subsequent driving, for both age groups. 

Aim 4:  To assess how accurately subjective sleepiness measured at the end of the drive reflects 

driving performance for the previous drive, and the impact of age (Chapter 6). 

Hypothesis 4: Subjective measures such as the Karolinska Sleepiness Scale and items of the 

Sleepiness Symptoms Questionnaire can accurately reflect prior driving performance in both younger 

and older adults.  
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ata from all three experimental chapters 3, 5 and 6 were collected from a 

single óon-roadô track driving study. We recruited two different age groups: 

younger adults aged 20-35 years and older adults aged 50-65 years. While these 

age ranges are not the age ranges of óyoungerô and óolderô drivers in common literature, the age range 

for younger drivers was chosen to control for license status i.e., they had to have their license for at 

least 3 years. In Australia, adults can apply for their probationary license at the ages of 17-18 years 

dependent on the state of application. Therefore, the youngest age we could include with our 

exclusionary criteria was 20 years. For the older adults sample age range, we wanted to recruit adults 

of working age who are experiencing the ageing process such as cognitive and sleep changes, but not 

have older age-related impairment that may impact their driving performance (e.g., visual acuity, 

reduced reaction time due to motor deficiencies, etc.). The experiment involved (i) pre-admission 

screening to determine eligibility; (ii) pre-study monitoring prior to each experimental condition to 

ensure pre-study conditions were met/consistent; and (iii) the main study protocol, which comprised 

a cross-over, randomised controlled study whereby individuals drove a car while alert and while sleep 

deprived. Figure 1 provides a visual summary of the pre-admission at-home monitoring period, in-

laboratory parts of the protocol, and the track drive for a participant allocated to complete the sleep-

deprived condition first. Data collected during the two-hour drive included (i) continuous monitoring 

of ocular measures of alertness, such as eye closures, (ii) adverse driving events or driving impairment 

measures, such as lane deviations, and (iii) measures of subjective sleepiness, likelihood of falling 

asleep and sleepiness symptoms. Eye closure metrics such as blink duration (Shiferaw et al., 2018) 

and PERCLOS (Dinges & Grace, 1998) are sensitive to sleep loss. Driving events such as near crashes 

(Lee et al., 2016) and lane deviations (where at least two wheels leave the roadway) (Anderson & 

Horne, 2013; Shiferaw et al., 2018) also increase with sleep loss. Lastly, measures of subjective 

sleepiness require individuals to assess either their current level of sleepiness (e.g., the Karolinska 
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Sleepiness Scale) (Åkerstedt & Gillberg, 1990), or the likelihood of falling asleep in the next few 

minutes (e.g., Likelihood of Falling Asleep scale) (Horne & Baulk, 2004). Ethical approval for all 

procedures was obtained from the Monash University Human Research Ethics Committee (Project 

number: 9215). Participants gave written informed consent and were reimbursed for their time. 
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Figure 1. Raster plot of the study protocol. Example protocol for a participant allocated to the 

sleep-deprived condition first with an 8am wake time. Each row represents one day of the study, 

including the pre-study structured sleep (SS); the main in/lab track study experimental days (E); and 

Recovery days (R). Admission (AD) and Discharge (D) of the participants is also shown. Participants 

completed eight days of pre-study structured sleep (SS1-SS8) and were admitted to the laboratory 

two hours post-wake on D1. On D2, participants commenced the two-hour drive at 29 hours post 

wake (dark grey bar). Participants were discharged from the laboratory at 32 hours post wake. 
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Participants had two days of free, unrestricted recovery sleep (R1 and R2), and the restarted their 

structured sleep schedule. During the well-rested condition, participants completed the same drive at 

five hours post-wake. 

2.1. Participant Screening and Eligibility Criteria  

Participants underwent rigorous screening with strict eligibility criteria to ensure that they 

were physically and mentally healthy to participate in the study, to safeguard against vulnerability to 

adverse reactions to the study procedures. Initial screening included a telephone screening interview 

and an online questionnaire to determine initial eligibility. An initial consent meeting and 

neuropsychological assessment was the further used to confirm eligibility and ensure no mild 

cognitive decline in our older adult (50-65 years) group. Participants were then required to complete 

a 30-minute semi-structured interview with a provisional psychologist to ensure that participants had 

no history of psychiatric disorders, no first-degree relatives with psychiatric disorders, or not currently 

experiencing psychiatric disorders. Following that, participants were given an at-home monitoring 

sleep disorder screening device to wear for one night.  

2.1.1. Telephone interview for eligibility 

A telephone interview assessed preliminary eligibility for the study. The interview assessed 

criteria outlined in Table 1. Of participants that were telephone screened, 123 proceeded to the online 

questionnaire. The telephone interview screened captured ineligibility due to insufficient driving 

hours per week, incorrect sleep timing and criteria, use of prescription or over-the-counter 

medication.  

 

  

Table 1. Exclusion Criteria for Participants Presented in Chapters 3, 5 & 6. 
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Criteria  Participant Eligible Ifé 

Age 20 ï 35, or 50 - 65 

Driving History Drives a car; Has held a valid car driving license for 

greater than 3 years; Drives greater than 100km per 

week  

English Fluency Adequate fluency to undergo neuropsychological 

assessment and provide informed consent 

Body Mass Index (BMI) Between 18.0 and 29.9 

Bed Time Reported habitual bed time from 10:00pm ï 1:00am 

Wake Time Reported habitual wake time from to 6:00am ï 9:00am 

Sleep Duration Reported sleep duration between 7 ï 9 hours per night 

Naps No more than 2 naps per week 

Medication Use No use of any prescription medication related to sleep 

complaints, depression (mood stabilisers), epilepsy, 

asthma (beta-blockers), psychotics, steroids, or anything 

that can affect the central nervous system within the last 

3 months; no use of any prescription or non-prescription 

medication during the study period 

Sleep Disorders No reported diagnosis of sleep disorders 

Psychiatric Disorders No reported current or history of psychiatric diagnosis; 

No immediate family history of psychiatric disorder 

Stroke or Acquired Brain Injury No history of stroke or loss of consciousness greater than 

15 minutes 

Physiological Health No diagnosis of cardiovascular disease, hearing 

impairment, autoimmune disorders, inflammatory 

disorders, epilepsy, or migraine 

Eye Disorders or Diseases No history or current diagnosis of eye disorders or 

diseases; No colour blindness; No vision impairment not 

corrected by lenses 

General Anaesthetics No general anaesthetics in the past 3 months 

Female Health Not currently pregnant, planning to become pregnant, or 

breastfeeding 

Alcohol Consumption No current or history of alcohol consumption > 14 

standard drinks per week 

Caffeine Consumption No consumption of caffeine exceeding 300mg per day 

Smoking No current smoking or use of nicotine replacement 

therapies 

Blood Donation No full blood donation within last 8 weeks or during the 

study 

Circadian Misalignment No trans meridian travel > 2 time zones, or nightshift 

work in the past month 
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2.1.2. Online questionnaires 

 Participants who were eligible from the telephone screen proceeded to an online questionnaire 

to obtain participant demographics, physical, mental and sleep health, driving history and medication 

use, as well as several standardised and validated questionnaires to assess sleep quality, mood 

disorder symptoms, sleep disorder symptoms, and daytime sleepiness. Of the 123 participants who 

completed the online questionnaire, 36 (29.3%) were deemed ineligible and 22 (17.9%) withdrew 

interest in the study. The following scales were used in the online questionnaire. 

2.1.2.1. Epworth Sleepiness Scale (ESS) 

 The ESS is an 8-item questionnaire assessing trait daytime sleepiness (Johns, 1991). 

Participants rate the likelihood that they would ñdoze offò or fall asleep on a 4-point scale from 0 

(ñwould never dozeò) to 3 (ñhigh chance of dozingò) during eight common situations. These situations 

included sitting and reading, watching television, sitting as a passenger in a car, and while driving in 

a car stopped in traffic. The overall score is calculated by summing each item, where a combined 

score greater than 10 represents excessive daytime sleepiness (Johns, 1991; Johns, 2000). The ESS is 

considered to have good test-retest reliability (r = 0.82), even after five months, and high internal 

consistency in both clinical and healthy populations (Cronbachôs Ŭ = 0.88 and 0.73, respectively) 

(Johns, 1992). For this study, participants with an ESS score >10 were ineligible to proceed. 

2.1.2.2. Insomnia Severity Index (ISI) 

 The ISI is a 7-item questionnaire that assesses the subjective severity and impact of insomnia 

in the past two weeks (Bastien et al., 2001; Morin, 1993). Participants rated their difficulty of sleep 

onset and maintenance, daytime functioning, and distress caused by insomnia symptoms on a 5-point 

Likert scale ranging from 0 (ñNone/Satisfiedò) to 4 (ñVery severe/Dissatisfiedò). The total score 
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range is 0 to 28, which can be interpreted as four levels of severity: absence of insomnia (0-7), sub-

threshold (8-14), moderate (15-21), and severe (22-28) (Morin et al., 2011). The ISI demonstrates 

adequate internal consistency in both community and clinical samples, with Cronbachôs Ŭ ranging 

from 0.74 (Bastien et al., 2001) to 0.91 (Morin et al., 2011). In this study, participants were ineligible 

if their ISI was 8 or more. 

2.1.2.3. Restless Legs Syndrome (RLS) 

 To screen for subjective symptoms of RLS, a 4-item self-report questionnaire was 

administered. The items were as follows: 1) ñDo you have unpleasant sensations (such as creepy-

crawly, electric shocks, pain, burning, or tightness) in your legs combined with an urge or need to 

move your legs?ò; 2) ñDo these feelings occur mainly or only at rest and do they improve with 

movement?ò; 3) ñAre these feelings worse in the evening or night than in the morning?ò; and 4) ñIf 

yes to all of the above, how often do these feelings occur?ò. Participants answered items 1-3 with a 

yes/no response and rated the frequency of their symptoms on a 7-point scale ranging from 1 (ñless 

than one time a year) to 7 (ñ6-7 times per weekò). Participants were ineligible if they responded ñyesò 

to the first three questions.  

2.1.2.4. Patient Health Questionnaire (PHQ-9) 

 The PHQ-9 is a 9-item version of the PRIME-MD diagnostic instrument for mental disorders 

(Kroenke et al., 2001). The PHQ-9 has a specific focus on depressive symptoms, with the items based 

on the nine criteria for a depressive disorder diagnosis in the Diagnostic and Statistical Manual of 

Mental Disorders ï Fourth Edition (DSM-IV) (Kroenke et al., 2001). Participants rate the frequency 

of each depressive symptom experienced in the past two weeks on a 4-point scale ranging from 0 

(ñNot at allò) to 3 (ñNearly every dayò). The score from each item is summed to calculate the total 

score which ranges from 0-27, which classifies depressive symptom severity as minimal (0-4), mild 
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(5-9), moderate (10-14), moderately severe (15-19), and severe (20-27) (Kroenke & Spitzer, 2002). 

The PHQ-9 demonstrated excellent internal consistency in community samples (Cronbachôs Ŭ = 

0.89), and good test-retest reliability after 48 hours (r = 0.84) (Kroenke et al., 2001). For this study, 

participants with a global score of 5 or more (symptom classification more severe than the ñminimalò 

range) were ineligible. 

2.1.2.5. Generalised Anxiety Disorder 7-Item Scale (GAD-7) 

 The GAD-7 is a 7-item questionnaire that requires participants to rate the frequency of anxiety 

symptoms experienced in the past two weeks on a 4-point scale ranging from 0 (ñNot at allò) to 3 

(ñNearly every dayò) (Spitzer et al., 2006). The items are based on the DSM-IV diagnostic criteria 

for generalised anxiety disorder. A total score is summed from each item score, and ranges from 0-

21, with anxiety symptom severity classed as minimal (0-4), mild (5-9), moderate (10-14), and severe 

(15-21). The GAD-7 demonstrates good internal consistency and test re-test reliability (Cronbachôs 

Ŭ = 0.92 and r = 0.83, respectively). While cut-off scores of 10 and 15 were used for moderate and 

severe anxiety (Löwe et al., 2008; Spitzer et al., 2006), a recent meta-analysis reported that scores as 

low as 7-10 had similar levels of sensitivity and specificity in identifying GAD (Plummer et al., 2016). 

Therefore, we used a conservative cut-off score of 5 or greater for eligibility to take part in the study. 

2.1.2.6. Depression Anxiety Stress Scales (DASS-21) 

 The DASS-21 is a shortened version of the 42-item DASS (Lovibond & Lovibond, 1995), a 

questionnaire designed to assess depression, anxiety and stress. Participants report the severity of any 

depression, anxiety and stress symptoms in the past week on a 4-point scale ranging from 0 (ñDid not 

apply to me at allò) to 3 (ñApplied to me very much, or most of the timeò). The depression subscale 

(DASS-D) measures symptoms associated with low mood, hopelessness, and lack of motivation. The 

anxiety subscale (DASS-A) assesses both physiological symptoms of anxiety such as shortness of 
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breath and increased heart rate and subjective feelings of anxiety such as panic, fear, and worry. The 

stress subscale (DASS-S) assesses feelings of tension, irritability, and agitation. Each of these three 

subscales consist of seven items. The item scores for each subscale are summed to receive a score for 

each subscale, where a greater score indicates greater symptom severity. The cut-off scores for 

symptom severity classification differs between subscales and are outlined in Table 2. 

Table 2. DASS-21 Cut-off Scores for Subscales. 

Symptom Severity DASS-D DASS-A DASS-S 

Normal 0-4 0-3 0-7 

Mild  5-6 4-5 8-9 

Moderate 7-10 6-7 10-12 

Severe 11-13 8-9 13-16 

Extremely Severe 14-21 10-21 17-21 

 

 The DASS-21 has been well validated across several studies, with good internal consistency 

for the total scale (Cronbachôs Ŭ = 0.93) and for the DASS-D, DASS-A and DASS-S subscales 

(Cronbachôs Ŭ = 0.88, 0.82, and 0.90 respectively) (Henry & Crawford, 2005). Participants were 

excluded if they scored beyond the ñNormalò range for all subscales. 

2.1.2.7. Fatigue Severity Scale (FSS) 

 The FSS is a 9-item questionnaire that requires participants to rate the frequency and severity 

of fatigue symptoms on a 7-point Likert scale from ranging from 1 (ñStrongly disagreeò) to 7 

(ñStrongly agreeò) (Krupp et al., 1989). The overall fatigue severity score is calculated using the mean 

score of all items, and a higher score indicates greater level of fatigue. While originally developed for 

patients with multiple sclerosis (Krupp et al., 1989), the FSS has been validated in other clinical 

populations such as sleep disorder, stroke and Parkinsonôs patients (Herlofson & Larsen, 2002; Valko 

et al., 2008). The scale has excellent internal consistency (Cronbachôs Ŭ = 0.93) and test-retest 
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reliability (Valko et al., 2008). A score of 5 is a cut-off for the presence of fatigue (Valko et al., 2008), 

and was exclusionary for this study.  

2.1.2.8. Pittsburgh Sleep Quality Index (PSQI) 

 The PSQI is a 19-item questionnaire that assesses sleep quality and disturbances in the past 

month (Buysse et al., 1989). The 19 items produce seven ñcomponentò scores on subjective sleep 

quality, sleep duration, sleep onset latency, sleep efficiency, sleep disturbances, the use of sleep 

medication, and daytime dysfunction. Participants rate each component on a 4-point scale from 0 

(ñNo difficultyò) to 3 (ñSevere difficultyò). The total score is calculated as the summed component 

scores ranging from 0-21, with a higher score indicating poorer sleep quality. The components of the 

scale have high internal consistency (Cronbachôs Ŭ = 0.80-0.85) and test-retest reliability (r = 0.87) 

(Backhaus et al., 2002; Buysse et al., 1989; Carpenter & Andrykowski, 1998). A global score greater 

than 5 yielded good sensitivity (89.6%) and specificity (86.5%) at distinguishing between poor and 

good sleepers (Buysse et al., 1989). Consequently, participants with a global score greater than 5 were 

ineligible to take part in the study. 

2.1.2.9. Berlin Questionnaire 

 The Berlin Questionnaire is a 10-item questionnaire that assesses the risk factors for 

obstructive sleep apnoea organised into three categories: 1) snoring behaviour, 2) excessive daytime 

sleepiness, and 3) hypertension and BMI (Netzer et al., 1999). The items have good internal 

consistency (Cronbachôs Ŭ = 0.86-0.92) (Netzer et al., 1999). Participants rate the frequency and 

severity of sleep apnoea symptoms on varying scales according to each item, with a positive score on 

two of three domains considered to be at high risk of sleep apnoea and thus exclusionary for this 

study. 
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2.1.2.10. The STOP-Bang Questionnaire 

 To ensure our sample did not have sleep apnoea, the snoring, tiredness, observed apnoea, 

high-BP ï BMI, age, neck circumference and gender (STOP-Bang) questionnaire (Chung et al., 2008) 

was used as a screening tool. This is an eight-item questionnaire that asks participants to answer ñyesò 

or ñnoò to clinical features of sleep apnoea. A response of ñyesò scores one, and a response of ñnoò 

scores zero, leading to a potential global score maximum of eight. A score of 0 ï 2 is considered low 

risk of obstructive sleep apnoea, and a cut off score of 3 demonstrates high sensitivity (84%) in 

detecting sleep apnoea (Chung et al., 2008). A score of 3 or above was exclusionary for this study. 

2.1.3. Physiological Medical Examination 

 Participants who were eligible to take part following the online questionnaires were medically 

screened to ensure they were free from medical conditions. Height and weight were measured to 

verify that BMI was within the 18 and 30kg/m2 range, and any participants outside of these ranges 

were excluded. The Ishihara Test (Ishihara, 1972, 2000) was used to test for colour blindness. The 

Ishihara Test requires the participants to look at a series of plates composed of a background of 

coloured disks, and a digit composed of different coloured disks. The test is intended to detect to red-

green blindness. Participants were excluded if they failed to successfully identify 12/14 red/green 

disks (Ishihara, 1972). 

The medical examination involved a pathology test to ensure participants had healthy 

haemoglobin and iron levels, and an electrocardiography (ECG) assessment to ensure absence of 

cardiac abnormalities. A medical physician interpreted the results and determined whether 

participants were of good health. Participants who failed the medical examination were not eligible 

to proceed into the study.  



 

Page | 56  

 

2.1.4. Neuropsychological Assessment 

 A standard neuropsychological assessment battery for cognitive impairment (Manousakis et 

al., 2018) was conducted to measure cognitive function for all participants but was primarily used to 

ensure older adult participants were free from neurocognitive impairment.  This assessment 

ascertained demographic information such as years of education and first language. The assessment 

battery consisted of the California Verbal Learning Test II (Delis et al., 2000), Mini-Mental State 

Examination ï Second Edition (Folstein et al., 2010), Comprehensive Trail Making Test (Reynolds, 

2002), National Adult Reading Test (Nelson, 1982), and Weschler Adult Intelligence Scale ï 4th Ed 

Digit Span Subtest (Wechsler, 2008).  

2.1.4.1. California Verbal Learning Test II (CVLT-II)  

 The CVLT-II (Delis et al., 2000) assesses verbal episodic memory and is among the five most 

used assessment tools in North America (Rabin et al., 2005), in both clinical and research settings 

(Aslaksen et al., 2018; Egeland et al., 2016). The CVLT-II is administrated according to standardised 

instructions, and is a measure of auditory learning, recall and recognition memory. The test comprises 

of 16 nouns that can be semantically clustered into four groups: furniture, vegetables, modes of 

transport, and animals. The task starts with a learning trial where a list of words (List A) is read aloud 

five times to the participant. The participant must recall as many items as possible after each 

presentation. Immediately thereafter, a second separate list (List B) is introduced as a distractor. The 

participant then recalls as many words as possible from List A (free-recall) and with the prompt of 

the four categories (cued-recall). This is referred to as the short-delay recall trial. This is then repeated 

after 20 minutes which is referred to as the long-delay recall trial. Finally, a recognition trial is 

completed, whereby participants are presented (auditory) 44 words consisting of words from List A 

and B, in addition to semantically related and unrelated words. After each word, participants must 

answer ñyesò or ñnoò if each word was from List A. 
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 The CVLT-II is scored according to standardised guidelines, whereby the raw scores from the 

learning trial, short and long delay recall trials and recognition trials are converted into standardised 

scores and compared to published normative data that matches for age and sex (Delis et al., 2000). 

Two composite CVLT scores were calculated ï General Verbal Learning (GVL) and Inaccurate 

Memory (IM) (Campos-Magdaleno et al., 2014; Delis et al., 1988). Higher GVL scores demonstrate 

superior verbal learning performance, therefore a score of -1.5 SD was exclusionary for this study. A 

greater IM score indicates poorer memory performance; therefore, a score of Ò 1.5 SD was 

exclusionary.  

2.1.4.2. Mini-Mental State Examination ï Second Edition (MMSE) 

 The MMSE (Folstein et al., 2010) was used to assess global cognition in a range of areas 

including orientation, recall, registration, calculation and attention, repetition, comprehension, 

reading, writing and drawing. The total MMSE score was the sum of scores on the tests ranging from 

0-30, where a higher score indicated greater cognitive function. A cut-off score of 24 has an accuracy 

of distinguishing between normal cognitive functioning and individuals with mild cognitive 

impairment or dementia with good sensitivity (74%) and specificity (73%) in individuals aged 50 

years or older (Kim et al., 2014). Participants with an MMSE score of Ò 24 were ineligible to take 

part in the study.  

2.1.4.3. Comprehensive Trail Making Test (CTMT) 

 The CTMT (Reynolds, 2002) was used to measure processing speed and cognitive flexibility. 

It consists of a standardised set of five trials of increasingly complex visual search and sequencing 

tasks. Trails 1-3 assess processing speed and require to participant to draw a trail or line through 

ascending numbers as quickly as possible. Trails 4-5 measure cognitive flexibility, or set shifting, and 

requires participants to draw a trail between two ascending alternating stimulus types (letters and 
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numbers, e.g., 1-A-2-B-3-C). The raw scores were the time taken to complete each trail, which were 

converted to standardised T-scores in accordance with age-matched norms. A CTMT Composite 

Index is then calculated by summing the five T-scores as a global score, then converting to a 

standardised T-score. The individual trails and the Composite Index have good internal consistency 

(Cronbachôs Ŭ = 0.70-0.77 and 0.92 respectively) (Reynolds, 2002). Test-retest reliability coefficients 

after one week ranged from 0.70-0.78 for the five trails and 0.84 for the Composite Index (Reynolds, 

2002). The Composite Index is an age-normed T-score, where 50 is the mean, and a score of 35 is 

1.5 SD from the mean. For this study, participants who scored 1.5 standard deviations from the mean 

were ineligible to take part. 

2.1.4.4. Wechsler Adult Intelligence Scale ï Fourth Edition (WAIS-IV) Digit Span Subtest 

The WAIS-IV Digit Span subtest (Wechsler, 2008) assesses verbal attention and working memory 

by requiring participants to repeat a series of digits read verbally to them. There are three components 

to the Digit Span test: 1) Digit Span Forward, where participants are required to repeat the series of 

digits exactly as presented to them; 2) Digit Span Backward, which requires participants to repeat a 

series of digits in backwards order; 3) Digit Span Sequencing, which requires participants to rearrange 

the series of digits presented to them in ascending order. For all components, trials increase in length 

by one digit or more. If the trial was completed correctly, each trial is completed until two trials of 

the same length are completed incorrectly. The total number of correct trials are summed to calculate 

the score for each component. A global score is then calculated by summing these component scores. 

No participants were excluded based on their Digit Span test performance. 

2.1.5. Structured Clinical Interview for DSM-V (SCID-5) 

 Participants completed a semi-structured interview with a provisional psychologist under the 

supervision of a trained and registered psychologist to screen for personal and family history of 
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psychiatric disorders or symptoms. Participants were excluded if they showed evidence of current 

psychopathology in accordance with the SCID-5, or a history of psychiatric illness. In addition, those 

who reported an immediate family history of psychiatric illness such as major depressive disorder, 

bipolar disorder, schizophrenia, or other disorders were excluded. This ensured that eligible 

participants were psychologically healthy and able to tolerate the sleep deprivation protocol.  

2.1.6. Obstructive Sleep Apnoea Screening  

 At the final stage of screening, participants were screened for undiagnosed obstructive sleep 

apnoea in an at-home overnight assessment using ApneaLinkTM. This device is strapped onto the 

participantôs chest with a belt and a nasal pressure canula inserted into the nostrils. The ApneaLinkTM 

records nasal airflow and has an in-built pressure transducer to generate data. Throughout the night, 

the device continuously monitors breathing patterns, apnoeas and hypopneas, snoring behaviour, air 

flow limitation, oximetry and pulse. The ApneaLinkTM also measures oxygen desaturation index 

(ODI), defined as the number of desaturations that represent a 4% or greater fall in oxygen saturation 

per hour of recording (Chen et al., 2009). The ApneaLinkTM ODI has good sensitivity (75%-88%) 

and specificity (86-89%) at detecting polysomnography apnoea-hypopnoea index (AHI) Ó10 (Ng et 

al., 2009), suggesting it is a good at-home screening tool for detecting symptoms of obstructive sleep 

apnoea. For this study, we used a cut-off score of ODI4% >5 as exclusionary.  

2.2. Pre-Study Structured Sleep Monitoring 

 For one week prior to admission to the study, participants maintained a structured 8:16h sleep 

wake schedule with a self-selected sleep and wake time. This was to ensure that all participants were 

well-rested prior to any study manipulation (McMahon et al., 2020). While participants selected their 

preferred sleep times to allow for other commitments, their scheduled bedtime was required to be 
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between 22:00 and 00:00. During the structured sleep period, more than one deviation from scheduled 

sleep wake times ± 15 minutes was exclusionary.  

Adherence to this schedule was monitored by wrist-worn activity monitors (Actiwatch-2, 

Philips Respironics, USA), sleep diaries, and time-stamped call-ins to the study phone at bed and 

wake time. While polysomnography (PSG) is considered the ñgold-standardò objective measure of 

sleep (Taibi et al., 2013; Toon et al., 2016), actigraphy is an inexpensive, non-invasive way to estimate 

the sleep/wake state that can be worn for several weeks. Actigraphy also shows high sensitivity 

(96.7%) for sleep detection, albeit low specificity (39.1%) for wake detection (Kahawage et al., 

2020).  

 To address this, we used a combination of sleep diary data, actigraphy, and call-ins to assess 

participantsô sleep and calculate measures such as total sleep time (TST), sleep efficiency, sleep onset 

latency (SOL), and wake after sleep onset (WASO). Sleep periods were entered into the actigraphy 

recordings based on sleep diary entries and call-ins, whereby bedtime was defined as the time 

participants reported they are getting into bed, and wake time was defined as the time participants 

reported getting out of bed. In instances where Actiwatch data was corrupted due to device failure, 

sleep diary data and call-ins were used to assess sleep schedule. See Figure 2 for flowchart of the 

study screening process. 
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Figure 2. Flowchart of participant recruitment. This flowchart shows the flow of participants through 

the phases of the screening process and the study. The diagram includes the total number of 

participants who expressed interest in participating, and how many participants withdrew or were 

excluded at each stage. OSA= Obstructive Sleep Apnoea. 
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2.3. Study Protocol 

 Participants underwent two 2-hour driving sessions in an instrumented vehicle around a closed 

track loop under two conditions: 1) well-rested after a night of normal sleep with 8h time in bed, and 

2) sleep deprived following 29h of in-laboratory sleep deprivation. Participants completed the drives 

in randomised order, with a minimum one-week wash out interval between sessions to allow for 

recovery from sleep loss. As we wanted to ensure that our sleep manipulation protocol is sufficient 

to create drowsiness events, we based it on previous protocols that resulted in sufficient events (Lee 

et al., 2016; Shiferaw et al., 2018). 

 To ensure that participants were free from the influence of drugs and medications, they 

abstained from the consumption of caffeine, alcohol, nicotine, and over the counter, prescription, or 

recreational drugs for 24 hours prior to admission to the laboratory. This was confirmed by a 

breathalyser test and urine toxicology upon admission to the laboratory.  

2.3.1. Sleep Deprivation Protocol 

 The day prior to a sleep-deprived driving session, participants were admitted to the Monash 

University Sleep and Circadian Laboratory, Melbourne. They remained in a sound-attenuated suite 

free of time cues for 25 hours of continuous wakefulness, monitored by study staff. During the in-

laboratory sleep deprivation period, participants were required to complete bi-hourly testing batteries 

and provide hourly saliva and blood samples (data not used in this thesis). During non-testing periods, 

participants were free to move around the suite and engage in quiet activities such as reading, 

watching television shows or movies, or playing games with the study staff. Temperature was 

maintained at 21°C throughout the sleep deprivation period. 

 Ambient light levels were constantly measured and controlled throughout the sleep 

deprivation period, as light can increase alertness (Lockley et al., 2006; Phipps-Nelson et al., 2003) 
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and result in circadian phase shifts (Boivin et al., 1994; Zeitzer et al., 2000). During the admission to 

the laboratory and during electroencephalography application, lighting was maintained between 90-

100 lux. Lights were then dimmed to < 10 lux (< 5 lux at eye level) for the remainder of the sleep 

deprivation period. 

2.3.2. Track Drive Protocol 

 Participants completed two 2-hour drive sessions that began 5h post-wake for the well-rested 

condition, and 29h post-wake for the sleep deprivation (i.e., same time of day within-subject). As 

participants could choose their scheduled sleep/wake times, drive times began between 11:00 and 

14:00 across participants. The timing of the drives was based on a predetermined, established timing 

from previous studies (Lee et al., 2016; Shiferaw et al., 2018). All drives were completed in an 

instrumented study vehicle (see Section 2.3.2) with a qualified driving instructor blinded to condition 

in the passenger seat to monitor safety and provide intervention if there was a risk of collision 

(classified as a near crash event, see Section 2.4.4). A study technician sat in the back seat to assess 

subjective sleepiness at regular intervals during the drive (see Figure 3 for track drive protocol). A 

strength of using a track environment is the high level of control over potential confounds, and ease 

of interpretation of driving behaviour. Ethically, it allows the driver to reach more severe levels of 

drowsiness (e.g., a fall asleep event or lane departure with all four wheels leaving the roadway) with 

minimal risk to the driver due to the presence of a driving instructor, in addition to a lack of other 

vehicles or pedestrians. While naturalistic driving environments provide more realistic data, they are 

associated with lower levels of sleepiness and/or higher levels of risk to the participant, and 

excessively noisy datasets such that sample sizes must be much larger to capture the signal of interest. 
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Figure 3. Track Drive Protocol. 3A=Well rested condition, 3B=Total sleep deprivation 

condition. KSS=Karolinska Sleepiness Scale; DMS = Driver Monitoring System. 

 

All participants completed the same driving route around a closed track loop with straight and 

curved section, red light intersections, and a give-way turn (see Figure 4 for a map of the track route). 

Prior to commencing the drive, participants were instructed to obey all posted speed limits, road signs, 

and follow all regulation road rules. Participants completed three practice laps to orient them to the 

track route and study vehicle, and to eliminate practice effects. Participants verbally reported their 
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subjective sleepiness (see Section 2.3.5.) every 15 minutes, caught red traffic lights every 30-minutes 

of the drive, and completed the Sleepiness Symptoms Questionnaire (Howard et al., 2014) after each 

traffic light, and at the end of the drive. Driving sessions were completed in clear, overcast or rainy 

weather conditions. 

 

Figure 4. Map of the METEC track in Melbourne, Australia. The red line indicates the route 

taken by participants, while the arrows indicate the direction of the drive. The track had straight 

sections (blue) and winding roads (green). 

 

2.3.3. Study Vehicle 

 Participants drove an automatic transmission Honda Jazz equipped with Seeing Machinesô 

driver monitoring system (DMS) (Seeing Machines, Canberra, Australia), a Mobileye system (with 

audio warnings deactivated) (Mobileye Technologies Limited, Jerusalem), and a forward-facing 

camera (BlackVue, Pittasoft, Gyeonggi-do, Republic of Korea). See Figure 5 for overview of sensing 

platform in the study car. The DMS continuously monitors driver alertness state during the 2-hour 

drive. Driver alertness was assessed using eyelid position/opening. The DMS has been used in 

naturalistic driving studies (Kuo et al., 2018; Mulhall et al., 2020) and assesses real-time driver 
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drowsiness behaviour. The validity of the DMS has been examined in a multimodal data study utilised 

EEG and EOG to verify the microsleeps captured by the DMS (Wang et al., 2019). Limitations 

reported include that the DMS only identifies microsleep events during eye closure, however 

microsleeps can occur with the eyes open (Chowdhury et al., 2018). In addition, valid data is only 

available when the driver is facing the steering wheel-mounted camera and swill lose tracking if the 

driver moves out of frame or turns their head away. Nonetheless, mean eyelid tracking validity was 

reported to be 91.99%, and is still a useful measure of driver drowsiness (Wang et al., 2019). The 

Mobileye device is used to continuously monitor vehicle speed throughout the drive. The BlackVue 

forward-facing camera records footage of the drive, which allowed for visual scoring of lane 

deviations. 

 

 Figure 5. Overview of technologies fitted into the study vehicle. (a) BlackVue forward-facing 

camera, (b) Mobileye, (c) steering wheel angle sensor, and (d) Seeing Machinesô Driver Monitoring 

System. 
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2.3.4. Electroencephalography, electrooculography and electrocardiography recording 

 EEG, EOG and ECG data was recorded using a 32-channel portable EEG system with a 32-

electrode cap (actiCAP slim and LiveAmp, Brain Products GmbH, Gilching, Germany). This 

consisted of 28 scalp electrodes placed according to the international 10-20 electrode placement 

system, two electrodes for EOG (at the outer canthus of the right eye, and 1cm above the horizontal, 

and the outer canthus of the left eye, 1cm below the horizontal) and two for the ECG (approximately 

1 inch below the right clavicle, and 2 inches below the left clavicle). EEG data were recorded relative 

to a Cz reference electrode and Fpz was used as the ground electrode. Data were sampled at 500 Hz 

and impedances were maintained at < 15kɋ. While EEG, EOG and ECG data were recorded, it was 

not included as a measure of objective sleepiness in experimental chapters 3, 5, and 6. The reasons 

for this is three-fold: first, ocular signals such as PERCLOS, long eye closure and blink rate are widely 

used in the field to accurately detect drowsy driving (see Cori et al., 2019 for review); second, we 

utilised a validated device that captures these signs of sleepiness, (e.g., long eye closure) for greater 

ecological validity as leading fatigue monitoring devices rely on ocular-based signs (Dawson et al., 

2013; see 2.4. for detailed explanation); finally, the level of noise captured by the EEG and ECG data 

is extensive in in-field environments. 

2.3.5. Subjective Sleepiness Measures 

  Participants verbally completed the Karolinska Sleepiness Scale (KSS) and Likelihood of 

Falling Asleep Scale (LFA) prior to starting the drive, and every 15-minutes throughout the drive. 

The research technician in the backseat recorded the answers in real-time. A visual version of the 

scales was placed in the centre console of the vehicle, covering the radio. Participants were asked to 

complete these scales when driving on a straight section of the track, to minimise driver distraction. 

Following each red light (approximately every 30 minutes of the drive), participants were asked to 

stop the study vehicle at the give-way turn to complete the Sleepiness Symptoms Questionnaire 
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(SSQ). This would take participants approximately one minute to complete, after which the driving 

instructor would ask the participant to resume the drive. Upon completion of the drive, participants 

completed the SSQ, KSS and LFA. 

2.3.5.1. The Karolinska Sleepiness Scale (KSS) 

 The KSS (Åkerstedt & Gillberg, 1990) is 9-point scale of subjective sleepiness that requires 

participants to verbally rate their level of sleepiness in the past five minutes, ranging from 1 

(ñExtremely alert) to 9 (ñExtremely sleepyò). The KSS is sensitive to sleep loss, increases with drive 

duration (Åkerstedt et al., 2010), is strongly correlated with physiological measures of sleepiness 

(Kaida et al., 2006), and is a strong predictor of subsequent driving impairment (Anderson et al., 

2018). This study administered the modified version of the KSS, which has item descriptors at every 

point (Reyner & Horne, 1998). 

2.3.5.2. Likelihood of Falling Asleep (LFA) 

 The LFA (Reyner & Horne, 1998) requires participants to judge the likelihood of sleep onset 

in the next few minutes on a 5-point scale, ranging from 1 (ñVery likelyò) to 5 (ñVery unlikelyò). 

Perceived likelihood of sleep onset was highly correlated with increasing subjective sleepiness and 

driving impairment (Reyner & Horne, 1998).  

2.3.5.3. Sleepiness Symptoms Questionnaire (SSQ) 

 The SSQ (Howard et al., 2014) is an 8-item measure of sleepiness symptoms commonly 

experienced during driving. Participants are required to rate the frequency of sleepiness symptoms on 

a 7-point scale ranging from 1 (ñNot at allò) to 7 (ñMost of the timeò). A global score is calculated 

by summing each item score, with a higher score indicative of greater sleepiness symptom frequency. 

The global score has moderate test-retest reliability (r = -0.59) and correlates strongly with the KSS 

(r = -0.81; Howard et al., 2014). 
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2.4. Event Scoring 

2.4.1. Calculation and processing of ocular parameters 

Ocular indices of drowsiness are an effective, non-invasive method of measuring alertness, 

and is sensitive to sleep loss (Cori et al., 2019). As such, ocular parameters such as eye-opening 

percentage and gaze coordinates were measured by continuously recording eyelid and pupil 

movements using the Seeing Machinesô DMS. The driver facing camera was mounted to the top of 

the steering wheel mount, directly in front of the driver. The angle of the steering wheel mount was 

kept consistent for all drives in the study.  

The DMS provided raw data of eye-opening percentage in a .csv file with 1 frame/data point 

per 16msecs. The DMS continuously records data during the pre- and post-drive testing, as well as 

the entire two-hour drive. As this thesis examines ocular changes during driving, only data collected 

during the driving task will be used in the analyses and will not include any pre or post-drive testing 

data. To calculate ocular variables such as blink duration, long eye closure rate, and PERCLOS, a 

custom script was written and ran in RStudio V1.1 (RStudio, PBC, Boston, MA, USA). This script 

also utilised vehicle speed information collected by MobilEye (Mobileye Technologies Limited, 

Jerusalem) to remove data when the vehicle was stopped, and the speed was zero. Therefore, any 

ocular data collected when the vehicle was stopped at the traffic lights or to complete questionnaires 

was removed. In addition, when view of the eyes were obstructed by the turning of the steering wheel, 

the output data is affected. The eye-opening percentage values for both eyes would return a value of 

zero, and these data were also removed. 

The DMSô algorithm measures eye-opening percentages that assume a maximum eye opening 

of 12mm. Therefore, if the eye opening was classified as 100% or 80%, then the eye opening was 

measured at 12mm and 9.6mm, respectively. However, most eye tracking technologies are developed 

and validated in young, healthy populations (Anderson & Horne, 2006; Ftouni et al., 2013; Jackson 
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et al., 2016), and it is unclear whether these technologies (and subsequent algorithms and criteria) are 

appropriate for older adults. Age-related physiological changes such as ptosis (i.e., drooping of the 

upper eyelid) may alter eye aperture and potentially impact on eye-opening/blink detection in these 

technologies. Therefore, extensive analysis and visual inspection of driver facing video footage was 

conducted to determine the ideal criterion to measure eye-opening percentage and characterise blinks 

across the younger and older participants in this study (see Section 2.4.2.). 

All driver facing footage for all participants were reviewed to ensure accurate tracking of the 

eyes. Whilst the DMS can capture binocular data, monocular data was taken from the right eye only 

for participants with inaccurate tracking of the left eye, identified by plotting the eye-opening 

percentage for each eye across both drives for all participants, and where there was continuous 

discrepancy between the two eyes, was verified by visual inspection of the driver facing footage. As 

the DMS assumes the maximum eye opening is 12mm, the raw data provided is a percentage of 

12mm. However, an individualised eye-opening percentage for each driver was calculated by 

converting the DMS output into mm, then used the 95th percentile opening (in mm) as the maximum 

eye-opening diameter (mm). Eye-opening percentage was then recalculated as a percentage of each 

individual driverôs maximum eye-opening diameter (mm). 

2.4.2. Blink Events and Eye Closures 

Continuous eye-opening percentage per every 16 msecs were recorded throughout the entirety 

of the drive, with the eye considered fully open with a value of 100. Blinks were captured using a 

threshold which indicated the closing and reopening of the eye, as per previous research (Anund et 

al., 2018; Soleimanloo et al., 2019). These criterions were adjusted to ensure blinks were captured for 

both younger and older participants. A blink event occurred when the eye-opening percentage drops 

first below 50% (beginning the eye closing phase), then below 20% (the eye is considered closed) 

and increases back up to 50% or over (the reopening phase; see Figure 6). The duration of the blink 
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is measured as the time (msec) from when the eye-opening percentage first drops below 50% to when 

it reopens back to 50%.  

The script in RStudio produced ocular variables such as blink rate per 15 minutes, blink 

duration per minute (ms), and long eye closure rate per 15 minutes (LECR) ï defined as a blink 

between 500ms and 3 seconds in duration. While behavioural microsleep events were captured (eye 

closures Ó3 seconds), only one event was verified and thus not included in any analyses. Ocular 

indices such as blink rate and blink duration have been shown in previous research to be sensitive to 

drowsy driving (Lee et al., 2016; Shiferaw et al., 2018).  

 

Figure 6. Visual representation of the change in eye opening percentage during the closing, closed, 

and re-opening phase of a blink. 

2.4.2. Percentage of Eye Closure (PERCLOS) 

PERCLOS was measured using the continuous eye-opening percentage, as defined as the 

percentage of time the eyes are spent 80% closed within a minute (Dinges & Grace, 1998; Wierwille 
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et al., 1994). PERCLOS was calculated in a custom script in RStudio using the number of frames 

within a minute where the eye-opening value was below 20% (indicating the eye was Ó80% closed) 

divided by the number of frames in the minute to generate a percentage value. PERCLOS has been 

shown to be an accurate measure of alertness, with increased PERCLOS with increased time awake 

and is associated with driving impairment (Wang & Xu, 2016). 

2.4.3. Lane Deviation Events 

A lane deviation is defined as at least two wheels crossing over the left or right lane markings 

(Anderson & Horne, 2013). Lane deviation events were recorded by the driving instructor (Robert 

Western or Darren Smith) during the drive. In addition, two scorers who were blinded to condition 

(Anna Cai or Bikram Singh) reviewed forward facing camera footage of each drive for lane 

deviations. A lane deviation event was included in analysis when it was scored by two out of three 

scorers (Robert Western, Darren Smith, Anna Cai, or Bikram Singh). Lane deviations are a sensitive 

marker of moderate driving impairment, as shown in previous driving research (Shiferaw et al., 2018). 

2.4.4. Near Crash Events 

 A near crash event was defined as an instructor intervention (when the instructor utilised the 

secondary brake pedal or taking control of the steering wheel in response to a near collision), or when 

the instructor deemed the participant too impaired to safely continue and terminated the drive. A near 

crash event represents a stage of severe driving impairment and is shown to increase with sleep loss 

in driving studies (Lee et al., 2016). 

2.5. Summary of Outcome Measures 

To summarise, the outcome measures of this study included ocular indices of drowsiness, 

driving performance metrics and subjective sleepiness. See Table 3 for an overview of the key 

dependent variables utilised for experimental chapters 3, 5 and 6. 
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Table 3. Summary of Primary Outcome Variables for Chapters 3, 5 and 6. 

Ocular Metrics Driving Performance Metrics Subjective Sleepiness 

Blink rate Lane deviations KSS 

Blink duration (ms) Near crash events LFA 

Long eye closure rate  SSQ 

PERCLOS   

Note: ms = milliseconds; PERCLOS = Percentage of time eyes closed ²80%; KSS = Karolinska 

Sleepiness Scale; LFA = Likelihood of Falling Asleep Scale; SSQ = Sleepiness Symptoms 

Questionnaire 

 

2.6. Power Analysis 

A comparable sleep deprivation study (Shiferaw et al., 2018) with an alpha level of 0.05 had 

N = 9 participants, with 432 data points of blink duration entered into a repeated measures ANOVA 

with F = 5.93 and large effect size (Cohenôs d =1.6). A priori power calculations suggest that we 

would require a minimum of 8 participants to power the repeated measures ANOVA for the effect of 

sleep deprivation on blink duration. 

Similarly, a simulated driving study examined the interaction effect of age and sleep 

restriction (Filtness et al., 2012) with an alpha level of 0.05. This study had N = 39 participants, with 

312 data points of lane departures included in a mixed repeated and independent measures ANOVA 

and reported F = 9.92 with large effect size (Cohenôs d =1.0).  A priori calculations suggest that we 

would require a minimum of 12 participants to power an interaction effect of age and sleep loss on 

lane departures. 

The same study (Filtness et al., 2012) reported 1360 data points of subjective sleepiness 

measured by KSS entered a repeated measures ANOVA with F = 46.55 and large effect size (Cohenôs 
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d = 2.2). A priori calculations suggest that we would require a minimum of 6 participants to power 

the repeated measure ANOVA for the effect of sleep loss on subjective sleepiness. 
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Preface to Chapter 3 

s discussed in Chapter 1, much of the drowsy driving literature is conducted in (a) 

younger adults populations, and (b) within simulated driving tasks with little ecological 

validity. In naturalistic driving studies, driving impairment was greater in a two-hour 

drive post-shift work compared to well-rested (Lee et al., 2016). As driving impairment increases 

with sleep loss, so do ocular measures of drowsiness and inattention, such as increased blink duration, 

long eye closures, PERCLOS, and increased gaze entropy. However, no study has examined these 

outcomes comparing a younger and older driving group, to examine the impact of age on both driving 

impairment and ocular measures of drowsiness. Chapter 3 presents an investigation comparing the 

impact of age on driving performance and ocular measures of drowsiness following 29 hours of sleep 

deprivation on a two-hour on-road track drive, compared to a well-rested condition. Chapter 3 

comprises an article published in Scientific Reports, submitted November 2020, and accepted August 

2021. 
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Preface to Chapter 4 

s reviewed in Chapter 1, sleep loss impacts both subjective and objective signs of 

sleepiness. Measures of subjective sleepiness such as the Karolinska Sleepiness Scale 

(KSS) (Åkerstedt & Gillberg, 1990), as well as others, are often used alongside 

physiological measures of drowsiness such as EEG alpha/theta activity (Howard et al., 2014; 

Kecklund & Akerstedt, 1993) and driving impairment such as lane deviations and hazardous driving 

events (Hallvig et al., 2014; Sandberg et al., 2011). Studies often report both subjective and objective 

signs of drowsiness increasing with sleep loss, however, few studies directly compare the association 

of subjective sleepiness on objective outcomes, or the predictive capacity of subjective measures on 

objective outcomes. As we identified ocular and driving impairment variables sensitive to sleep loss 

in Chapter 3, we were then interested in establishing the associations between subjective sleepiness 

and these objective outcomes. While we identified that both younger and older adults have impaired 

driving and increased subjective sleepiness in Chapter 3, we sought to systematically review existing 

data on awareness of sleepiness while driving, before embarking on an experimental study to better 

understand these associations. In Chapter 4, we systematically review the existing drowsy driving 

literature and found 34 studies that directly compared the association/impact of subjective sleepiness 

on objective measures. In this systematic review, selected articles are assessed for quality and risk of 

bias, methodology and statistical analyses. This chapter concludes with suggestions for future 

research into the relationship or predictive capacity of subjective sleepiness measures on 

physiological signs of drowsiness and driving impairment. Chapter 4 comprises an article published 

in Sleep Medicine Reviews, submitted in March 2021, and accepted in August 2021. 
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