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Abstract

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

(MVCs). Approximately 2630% 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 metricesd alertn
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 sleepinespliter 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 examinat:.
the exent 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 aadgag
literature and forms the rationale and aims of this th€iapter 2 outlines the methodology for the
research study conducted for data to be analys€tiapters 3, 5 and 6 All data forChapters 3, 5
and 6 will be drawn from a single sleep deprimat track driving study, with a sample of N=16
younger adults (2385 years) and N=17 older adults {6 years).

Chapter 3 examined the impact of age on objective (driving and physiological) performance
and subjective sleepiness following 29h of totaegpl 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, ofler 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 satety should also be targeted
towards older adults, to reduce the overall road death toll.

To first understand theextent to which drivers are aware of sleepinégShapter 4
systematically reviewed the existing sleep literature to answer the researthi quése drivers
aware of sleepiness while driving, and to what extent does subjective sleepiness accurately reflect
driving impairment?o. Results showed that dr i
and that increasing sleepiness vaasociated 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 @hapter 5 which examined the impact of age and sleep loss on
subjective sleepiness, and the efficacy of using subjective sleepiness to predict ddvarge
outcomes and physiological signs of sleepinesshe next 1830mins 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 Falisigep 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 examinel the forward prediction of adverse drivinghich can be useful
for drivers to detect impending sleepiness and take corrective aCtiapter 6 takes a backward
looking approach to examine if efod-drive subjective sleepiness was an accurate predictor of prior
driving impairment and physiological sleepiness. This has implications forapostent analysis.

There were significant age effects fmoderate 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 bothaymlinger
older drivers.

Taken together, the results from these papers support and further eviderredatage
difference in driving performance following sleep loss and yet challenges the notion that older adults
are Oresilienté t oenswelgestpd, didersadults expariempeagreatet driving w b
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 © an adverse driving event is different between the two age groups. This highlights a need for
agetailored interventions, educational programs, and-posident interview questions to better

detect and preveserious injuries and fatalities on the raadised bylrowsy driving.
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Overview of Thesis

rowsy driving is major contributor to motor vehicle crashes worldwated is

consideredhighly detectable and preventable. Currently, fatigue monitoring devices

continuously monitor overt signof 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
captued in a realvorld 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. Despitergel@roportion 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 drowsinessand driving impairment following one night of total sleep deprivation on ahioww
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 sgms, traffic lights and
intersections.

In Chapter 1, the tweprocess 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 Iassand 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 tleep:wake protocol utilised to induce sleep
deprivation, and presents the measures to operationalise ocular indices of alertness and driving

impairment identified inChapter 1 as being sensitive to sleep loss. It also provides theoretical
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justification fa 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 publish&tientific
Reports This paper provides 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 adhitsvalso s
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 4is a systematic review publishedSteep Medicine Reviewsexploies the current
drowsy driving |literature to examine the rese
driving, and to what extent does subjective s
comparison of 34 dstiandagr dsot uidn e mmet tao dhiogl oolgdy w
Sleepiness Scale is utilised, in a naturalistic or ffidélity 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 subsequen
driving performance and physiological drowsiness. This chapter direcilgs 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 identifi€thapter 3. This chapter shows
that subjective sleepiness measuaee 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 aigelggredict

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 journdcident Analgis and Preventian

Chapter 6 provides a short report examining if eafidrive 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 spesifions 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 &
manuscript submitted tdournal ofLegal 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 litewra of ageing, sleep loss and driving impairment. This
chapter expands on the study limitations identified Ghapters 3, 5 and 6 ending with
recommendations for future studies examining driving impairment and sleep loss. Future research
directions for &panding 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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CHAPTER 1

Introduction
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1.1.Background

rowsinesscontributesto approximatelyl6-30% of all motor vehicle crashea many

western societielETSC, 2001; Horne & Reyner, 1995b; Philip et al., 2005; Transport

Accident Commission, 2019)As dowsy driving is highly identifiableit is thus
considered highlypreventable However, survey data suggests tb&f6 of Australians reported
driving while sleepy in the past five yeamshich is comparable to 68% of US drivers who report
driving while drowsy (Armstrong et al., 20L3National Sleep Foundation, 2005)loreover,
drowsinesgelated crashes are more likely to invotte serious injury oideath of a driverdue to
the excessive impact speed often involyddtional Highway Traffic Safety Administration, 2015;
Pack et al., 1995; Transport Accident Commission, 20G®jen the high prevalence of drowsy
driving and seriousansequences 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 thiéisdistinguish 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 mowmtsii@nderson 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 aw@xarbély, 1982) which is termed Process S (see 1.3.1.1).
In contras, 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 m@&hextien
al., 2006) For the purposes of this thesis, drowsy driviefers 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 vulnerablertavdy driving. Research suggests that drivers who
are young, male, working shifts and/or have a sleep disorder are most g§Hoske & Reyner,
1995b; Pack et al., 1995This thesis will focus on the first of theseresk groups, that is, age.
Approximately 20-30% of road users are older adults aged/@@ears(Bureau of Infrastructure,

2016; Wagner, 2021while mddle to older aged adul{g5i 65 year$ make up40% ofhigh-risk
groups such as shiftorkers(Australian Bureau of Statistics, 201@nderstanding 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 countrié@dorne & Reyner, 1995b; Pack et al., 1995; Sagaspe et al.,.2010)
This enhanced vulnerability is also seetainoratorystudies where sleep restricted younger drivers
perform worse than older drivedsuring a two-hour simulated driving tasiEiltness efal., 2012)
Although this suggests that younger drivers show enhanced vulnerability to sleefalidasto older
drivers, it does not address whether older drivers are vulnerable to sleep loss compared to-their well
rested self. Mre work isthereforerequired tdbetterunderstand the role of drowsiness on road safety
outcomes for older and younger drivesad this forms a key part of this thesis.

One strategy for minimising drowsssrelatedcrashes is for the driver to be aware of feeling
sleepyandtakingremedialaction, such as stoppimtyiving, consuming caffeine, and/ or take a short
nap (Horne & Reyner, 1995a)However, thereemains a lack of consensus within the driving
literature as to whether subjective sleepiness is assowidtedr canpredict 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 crasis 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 abilityetotifd 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 alcoh{@rke et al., 2009)Without a comparable roaide test, prosecution relies
on the identification of drowsinesgelated crash. Unfortunately, pastsh 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 hazahiding event as
drowsiness related may be an important step forward in mitigating crashes. As older adults
experience subjective and objective drowsiness differently to younger @dufty et al., 2009;
Lowden et al., 2009)these reports may diffe@accor di ng to the driversboéd
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 drivingcrashesiave an estimateghnualeconomic cosbf $2 billion in Australia
(Sleep Health Foundation, 201&)d $12.5 billionKnipling & Wang, 1994)n the United States, it
is essential to identifghe role of drowsiness in adverse driving outcomes and identify potential
strategies for mmimising 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 predictviging 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 canapiditory, 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, arking memory, and inhibiting distractionSackson et al., 2013l

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 rediness and is reflected in clear physiological changes observed from the autonomic nervous
system(Posner & Boies, 197 1and as such, is not the opposite of drowsiness or sleepiness. Attention
refers to the capacity to monitor and respond to the envinoinemel is generally split into three main
types- sustained attention, selective attention, and divided atte(Biarter et al., 2001 Sustained
attention is the ability to detect and respond to randomly occurring stimuli over a prolonged period
and detemines the efficacy of selective and divided atten{®arter 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 catipy dual tasks, dividing their
attention between the primary and secondary tdsknston & Dark, 1986; NaveBenjamin et al.,

1998) Alertness and sustained attention are tightly coupled, such that much of the sleep science
literature refers to sustaideattention 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.
Otherexamples includeistractions classified asitherin-vehicle (e.g.handling the centre console
or mobile phong outof-vehicle (e.g., watching an advertisement on an electrical billboard), or
cognitive (e.g., talking on the phone hatide) (Klauer etal., 2006; Regan et al., 2008ue to
failures in both selective and executive attention, or cognitive coifitieke failures in attention are
associated with increased crash risk. For instance, although late brakiegdeanilisions form few
fatalities on the road, they do comprise the most frequent type of motor vehicle(Netsinal
Highway Traffic Safety Administration, 2012)hile in andout-of-vehicle distractionsresulting in
longdiverted gazeé>2secspway from the roadwagre associatedith threefold increased the risk

of crashingKlauer 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 behavig@instey et al., 2005; Mantyla et al., 2009)
Working memory works in tandem with processing speed in the ef/amavel 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. @utasking is defined as coordinating attention to perform two tasks concurrently,
which differs from multitasking, where an individual attends to one task at a time but switches
rapidly between task@vacPherson, 2018Bwitching between tasks incur astowhere there are
more errors and increased processing time for both (&skalierendonck et al., 201 afe driving
requires the ability to perform dual or multiple tasks adequately, such as operating the vehicle,
attending to the surrounding enviroent, speaking with a passenger, all whilst being ready to quickly
adapt driving behaviour in response to a sudden hazard in the envirdirapastele et al., 2020)
Inhibitory control involves the suppression of behavioural responses tamgbavant sinuli (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 Makingand Hazard Perception

Decision making is a complex cognitive presenvolving making a choice amongst a set of
alternatives based on available information or crité¥itang & Ruhe, 2007)It relies on both
convergent and divergent ski(ldarrison & Horne, 2000Q}hat is, a mixture of weknown solutions
combined withcreativity 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 decisiorsedan 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 dhieas\will, 2016) Logically, if drivers
have better hazard perception abilities, they are lesly Itk 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 irAustralia(Palamara & Adams, 2005Hazard perception training is also beneficial
to older adults with existing licenses. Older adults965/ears) have poerinsight into their own
rating of their hazard perception abilities, compared their performianeevidecbased hazard
perception teqiHorswill et al., 2011)However, long term improvements in hazard perception ability
in older adults were seen after a-®%ute hazard perception training intervention, such that
significant improvements were seenmediately 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 drAgnglertness
underpins all aspects of cognitive behaviour, sufficient sleep is one of the most important factors for
driver safety(Horne & Reyner, 1995aPther factors that may impact susceptibility to sleep loss
include time of day, stress, werklaed factors, road environments and alcohol or drug use
(Akerstedt et al., 2017Monotonous tasks such as ledigtance driving in lowstimuli environments

such as rural highways also exacerbategxisting sleepiness.
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1.3.1.Impact of sleep loss on cognite and behavioural processes responsible for safe
driving
1.3.1.1. TheTwo-Process Model for sleep

The regulation of alertness is typically described though thegpteweess model of sleep. Here,
alertness and sleep are regulated by two processebomestatic drive for sleep (Process S), and
the organi smdébs endogenous (Barkiély, 4982 Boabgly ep a.,c2@16)a k e r
Process S represenitscreasingsleep propensitywith increasingtime spent awakeTo create
homeostatic balance, thisessure then dissipates durisigep(See Figure 1)Process C operates
independently from prior sleep and oscillates within an approgi@&hour period to produce
periods of high and low sleep propengiBorbély, 1982) The drive to sleep is high during the
biological night, and low during the biological dayrocess C is regulated by an endogenous
pacemaker in the suprachiasmatic nucleus and is entrained to the environmentirkgtycle
(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 awaketltitingjogical
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 sleegRiber & Huffcutt, 1996; Reynolds &

Banks, 201Q)
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Figure 1. The twoprocess model of sleep. Process S shows continuousupuid sleep pressure.
Process C shows the circadian rhytiidapted 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 iijkerstedt et al., 2001; Horne & Reyner, 1993h)a
comparison study of simulated and re@hd highway driving, the was significantly increased
driving impairment when driving at night compared to driving during the(Hajlvig et al., 2014)

The temporal profile of driving impairment is comparable to circadian temporal changes in
physiological signs of drowsinessch as ocular indices, subjective sleepiness and neurobehavioural
performancéDijk & Czeisler, 1995; Ftouni, Rahman, et al., 2013; Manousakis et al.,.2021)
1.3.1.2.0ther Causes of Sleepiness

Other factors that may impact sleepiness unrelated to slegsninclude monotony of a
task (such as nighime highway driving), increased stress, any acute or chronic illnesses, age, sex
and workrelated factor¢Akerstedt et al., 2017)n a shiftwork environment, factors such as time of
day can affect subjéige sleepiness, whereby sleepiness is higher at the end of night shifts and
morning shifts (around 5AMJAxelsson et al., 2004; Lowden et al., 1998gightened acute and

chronic stress is associated with subjective and objective sleep disturbikeestedt et al., 2007;
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Hall et al., 2004; Hall et al.,, 201%nd increased subjective sleepiné®gahlgren et al., 2005)
Women, adults greater than 45 years old, and those who have acute illness experience significantly
greater sleepiness across a normal wgrklay, compared to men, adults younger than 45 years or
otherwise healthy adults, respectivéikerstedt et al., 2017)
1.3.1.3. Arousal and Sustained Attention

Extended periods of wakefulness cause a fluctuation along the-veddep continuum,
wherebyalertness become a more variable state. This state instability results in microsldspes,
i nvoluntary moment of s dDomn etah, t200Lyghichoisrassfciatece . ,
with impaired cognitive functioning, particularly trability to sustain attentiorAn EEG defined
microsleep occurs when theta activityd4z) occurs longer than three to 15 seconds, in the absence
of alpha activity (811 Hz)(Harrison & Horne, 1996)As these are difficult to measure and capture,
particubrly in more ecological realorld environments, behavioural iecrosleepsare instead
monitored. These aterief periods of noffesponsiveness to stimuwluring cognitive testingndis
typically associated with a partial or fully closed eyelid, genera#ling between three to 15 seconds
(Innes et al., 2013tate instability of alertness is enhanced by increased time awake arahtime
task(Doran et al., 2001)As sleep loss progresses, lapses and reaction time become more frequent
and longer on austained reaction task (see Figure 2). As such, behaviolcralsteep represent
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 reation times across total sleep deprivatghowing greater impairment with

extended wake and tirmntask effects. Adapted from (Doran et al., 2001).

Sleep loss causes deterioration in sustained attention, most typically shown by impaired
performance on thPsychomotor Vigilance Task (PVT) with time spent aw@keaw et al., 2004;
Lim & Dinges, 2008) Lapses of attention during the PVT have been attributed to falling asleep or
behavioural microsleefporan et al., 2001 )ut also due to inattention and diteal gazg Anderson
& Horne, 2006; Anderson et al., 2010)his suggests that deficits in sustained attention (and
associated PVT lapses) are due to both sleepindssed state instability and slelss induced
inattention and distractibilitysée alsol.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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1.3.14. Executive Functioning

Sleep lossalso impacts attenti@l (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 toignore peripheral stimylias measured usirgn antisaccade tasklLee et al., 2015)
Moreover, this inhibitory control appears to also show circadian modulation, and is particularly
compromised during periods of extended w#kellet et al., 2020) This impairment represents
cognitive impairment beyond simply staying awakiee allocation of attention relies on appropriate
switching and inhibition of the dorsal prefrontal cortex and frontal parietal attention networks
(Corbetta et al., 2008%leep loss preferentially affects the prefrontal cortex, due to its high metabolic
load during the day, and therefore preferential need for recovery afiHaie, 1993)Sleep loss is
associated with reduced activation in these areas and impaired performance on cogniti@hégesks
& Tan, 2010; Thomas et al., 2000)

Taken togetherwe can conclude that sledpssaffects notonly arousalbut also cognitive
processes such as decreased attaaitioaintenancand increased distractibilityrhis is reflected in
simulated and omoad driving. In a study of sleep restricted individuals ertaking a zhour
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 individualg¢Anderson & Hbrne, 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 cragBbgeraw 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 w@lo et al., 2018)This suggests that
sleep loss leads to decreased inhibition control duringndgivsuch 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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1.3.15. Decision Making
Real word decision making involves deliberation, antidgraof consequences, planning,
keeping track of events, and avoiding distracti@suyoumdjian et al., 2010; Shadlen & Kiani,
2013) In the context of driving, this involves a) decisions to be madeaa while driving (e.qg.,
when to turn at a stop ligh 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 deterioratitrtese processéklarrison &
Horne, 2000) During driving, key decisiomaking 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 a®wing 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 fastarg, but
less likely to make risky decisions when considering a loss (e.g., loss of demerit dokghna
et al., 2007) While impaired decision making due to sleep loss can lead to increased risky driving
behaviours and risk of crash, little research hasigeed on sleep loss and actual poor driving
decisions.
1.3.16. Impact of Sleep Loss on Driving Behaviour
Individualscompleting a simulated driving task under conditions of sleep loss show driving
impairment as characterised ingreagdstandard deviation of lane positi®BDLAT) (Akerstedt et
al., 2010; Jackson, Raj, et al., 2016; Kosmadopoulos et al.,,Xe@d vaability (Howard et al.,
2014; Sahayadhas et al., 201lane departureavenne et al., 2012; Filtness et al., 2014; Filtness
et al., 2012)and braking reaction time in response to a presented stidaklson, Raj, et al., 2016)
Onroad driving stugks 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 generadiadbidten
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used in shifwork populationgAnderson et al., 2018; Mulhall et al., 202@hck studies allow for
the safe monitoring of individuals under extreme conditions of sleep loss and therefore enable the
assessment of severe impairment outcomels asmear crash everftee et al., 2016; Shiferaw et
al., 2018) The two most common driving impairment outcomes utilised byoad driving studies
are lane deviations, which indicate a moderate level of impairment, and near crashes, which indicate
the ®vere, engtate 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.1@ecar naturalistic studiKlauer et al.,
2006).

Driving performance is also sensitive to time of dagmonstrating the role of the circadian
system in modulating alertness and associated driving outcdwgdg-time driving is associated
with higher levels of sleepiness and impaired driving performgirtalvig et al., 2014; Sandberg et
al., 2011) Compared to daytime driving, nigtime driving led to aeduction in speed and a shift in
lateral position towards the centre liaed increased risk of lancrossinggSagaspe et al., 200Q8)
greater variability in lateral lane position and SDLAAnund et al., 2013)speed variability
(Sandberg et al., 2014hd drive terminations due to the potential risk in continued drjikgrstedt
et al., 2013) Synedgistic interactions betweetircadian phase, prior wake and sleep aebtalso
observedMatthews et al., 20125uch thatvhile driving performancevasinfluenced by both time
spent awake and time of day, the effect of circadian phase was more prahwbeo&ours of prior
wakewereextended.

Shift workers are a highisk population for drowsy drivingDuring commutes following
night shift work in nurses, both subjectigteepiness and physiological drowsiness symptoms
increased significantly, as wedls the number of seteported hazardous driving ever{iouni,
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 strgpshéuri
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commute home after an¥h shift (Anderson et al., 2018While these were seleported events,
Lee et al. (2016assessdrealdriving performancéollowing a night of workon a closedoop track.
The post night shift drive hasignificantly higker number of lane departurekl near crashes and
seven drive terminationSevere levels of impairment wepeesent after 45min of driving, suggesting
that longer commute time post nightshift leads to increased risk of crashing.

Time-on-task effects areeen irsubjective and objective measures during simulated and real
world driving tasks(Akerstedt et al., 2010; Lee et al., 2018xerstedt et al. (2010)eported
significant timeon-task effects foSDLAT, indicating that lateral variability is affectég both sleep
loss and simulated drive duratiofime-on-task effectsare alscevident in oaroad driving, forboth
subjective reports of drowsiness ariving impairment(Lee et al., 2016)Here, frequency of lane
crossing eventand subjective ratingsf sleepinessncreasedwith drive duration, which was
independent of driving conditiofi.e., observed in both welksted and sleep deprived conditions)
Time-on-task is exacerbated by sleep Ig@mani 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.

1.3.17. Physiological Signs of Drowsiness

Physiological measures of drowsinésslude changes in brain activity measured by EEG,
and changesiieye and eyelid movements measured by oculogréfiyerson et al., 2013; Ftouni,
Rahman, et al., 2013; Kecklund & Akerstedt, 1993)ese metrics are sensitive to sleep loss and
include changes in spectral power density with toward the lower frequemtiesting drowsiness,
to an EEG scored microsleep, where theta activity occurs longer than three to 15 seconds, with a
concomitant absence of alpha actiitjarrison & Horne, 1996)There are many other physiological
indicators examined within the litdtaie such as changes in respirati@ooper & Phillips, 1982;
Phillips, 1985) heart rate variabilityKaida et al., 2007)posture(Caldwell et al., 2003)peripheral

body temperaturé/aara et al., 2009nd increased head noddittdoward et al., 2014However,
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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 devieesl are highly validated as a physiological
measure of drowsiness (Cori et al., 2019).

Sugained wakefulness leads to a progressive increase of alpha and theta activity, with each
hour spent awakéCajochen et al., 1995)ncreased theta and alpha activity are also associated with
decreased cognitive functioning including response inhib{frasadaQuintero et al., 2019xlower
reaction timegGalliaud et al., 2008and increased behaviour errors on various cognitive tasks
(Bernardi et al., 2015; Quercia et al., 2Q1Bluctuations of EEG activity also exhibit a circadian
rhythm, increasing ding the biological night, and is phase locked to deficits in neurobehavioural
performance(Cajochen et al.,, 1999)n a driving context, increased alpha and theta activity is
associated with lane deviatioftdorne & Baulk, 2004)SDLAT (Perrier et al., 206), steering wheel
deviation(Vakulin et al., 2016and increased subjective sleepin@gscklund & Akerstedt, 1993
both simulated and naturalistic studies. While the use of EEG to measure alertness in laboratory
studies are the current gestindardthe sensitive nature of EEG makes it more problematic4in 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
alertnesgAnderson et al., 2013; Cori et al., 2018j head mowaents/dropping dow(Kuo et al.,

2018; Lee et al., 2008; Radwin et al., 2017; Yang et al., 2@kf))lar metricarean accurate measure
of alertnesand are extremely sensitive to sleep I@&sderson et al., 2013; Ftouni, Rahman, et al.,
2013; Jackson, &nnedy, et al., 2016%leep loss is associated with decreased blink &itiéeraw et
al., 2018)and increasefdlink duration(Caffier et al., 2003)an increase in thgercentage of time the
eyelids are closed more than 8QPERCLOS)Dinges & Grace, 1998; Wierwille et al., 1994w

eyelid closurgJackson, Raj, et al., 201@&nd long eye closures, defined as eye closures >300ms
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(Mulhall et al., 2020)Long eye clogres greater than 500 milliseconds and shorter than 15 seconds
have been defined as a behavioural microsleep and can be detected using oculography and
electrooculographyEOG) (Poudel et al., 2010)

A blink is a reflexive brief closure of the eyelids than occurinstinctively, voluntarily,
spontaneously, or in response to foreign stirfMli Johns, 2003)Blinks in alert individuals often
last around 10@00 milliseconds, but whole blink duratidlecomedonger (>500 milliseconds)
when drowsy, especiallguring monotonous task€affier 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 ap@cular variables such as blimate, 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 S2@0Bigure 3 for an

example of various eye blink parametesgd in the detection of drowsiness.

Percentage of eye closure measures (% of time eye closed within a time window)

Blink rate (count/time)
1 2 3
Blink duration (msec) Eyelid speed (AVR)
1 mrm

T

100 % open Total blink

Eyelid

2 Amplitude
position

0 % open
(closed)

Eyelid iEyelid} Eyelid Velocity
closing iclosed; reopening

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

from Cori et al. (2019)

PERCLOS is arestablishedand reliable indicator of alertness failure, especially dgrin
sustained attention and driving tagibe et al., 2011; Chua et al., 201#ERCLOS is highly

sensitive to sleep loss and is strongtyrelaedwith PVT lapses andnpairment orothercognitive
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tasks(Abe et al., 2011; Dinges & Grace, 199BERCLOS is alsbhighly associated with impaired
simulated driving outcomes such 8BLAT and steering wheel contr@lackson, Raj, et al., 2016;
Mortazavi et al., 2009)n drowsy driving studies,rid/ing simulators exacerbate both subjective and
physiobgical drowsiness symptoms compared terasd 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 oaroad driving studies, ERCLOS is also significant
predictor of lane deviatior(&iang et al., 2019and is utilised in machine learning algorithms to build
alertness/fatigue models, which can then alert the driver when they are classified as(¥roesy

al., 2008; Yan et al2016) The current criteria for capturing ocular measures during drowsy driving

in onrroad driving studieflee et al., 2016; Shiferaw et al., 20b8 been calculated using a younger
adult sample. Considering the physiological changes that occur doertative ageing such as ptosis
which occurs when the upper eyelid begins to drgapsterer, 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 thmpact 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 cogtive and behavioural processes responsible for safe driving

Older drivers are at greater risk of a fatal or seriojigy motor vehicle acciderfHakamies
Blomqvist, 2004) Normative ageing can impact driving performance due to various factors including
impairment of cognitive processes such as attention;stagkhing and processing spe@hadick
et al., 2014; Gazzaley et al., 2008jsion impairmen{Ortiz-Peregrina et al., 2020and impaired
visual field processing and risk evaluatigogé 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.

Page [L8



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 tasksasutfe Sustained Attention to
Response Task, compared to younger adsriere 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 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, 1998) addition, older adults are more retiant
to commit errors in laboratory tasks, opting to take a cautious approach to prioritise accuracy over
speed, leading to fewer errdforstmann et al., 201.1)

Older adults also perform worse in attention and drivelgted cognitive tasks compared to
younger adult¢Bartolacci et al., 2020however, 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 trgdécception test@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 tredfated situations or tasks
1.3.2.2. Executive Functioning

Other cognitive processes such as working memory, inhibitory control, attentional control,
and dualtasking ability also show agelated decline. This can have a detrimental effect on driving
ability (Anstey & Wood, 2011Cuenen et al., 2015, 2016; Harada et al., 2013; Lezak et al., 2012;
Salthouse, 2019)These cognitive impairments are reflected by-r@jmted changes to neural
structure and neural connectivityhnamely in the frontoparietal and medial temporal regioiéch
also impacts ageelated decline in motor functioning@rijell 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 ordertionag decline can be attributed to neurobiological
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changes with ag@-jell 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 catrol occurs with age and has a substantial impact on daily functioning
(Harnishfeger, 1995; Harnishfeger & Bjorklund, 1998ye related deficits are evident in a battery
of cognitive tasks that assess inhibitory control. Older adults are slower tteisdiecades towards
a target and have greater errors on-aaticade trial§Peltsch et al., 2011 are slower to respond to
targets on go/ngo tasks, with fewer successful inhibitiofiielson et al., 2004)and have more
incongruent colounaming lateng and errors during Stroop tasf@ugg 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 etal.,, 1994) When comparing younger and ol de
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 adultisardivided attention condition, compared
to their reaction time in the full attention conditi@randjean & Collette, 2011 herefore, 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 taskitching or fast reaction to salient stimuli, older adults
may have greater risk of an adverse driving eventwanving 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 aseshrequiring multiple factors or options to be
simultaneously consider¢@amane#_arkin & Knutson, 2015)This could impact driving scenarios
where a driver must make a sgdécond decision to avoid an adverse driving evesltler adults

may take longeand be too late to react. However, doragpecific knowledge (also known as
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crystallised cognitive abilitiesinay be conserved in ageifBark & Schwarz, 2012such as the
autonomous action of driving accumulated across years of driving experiencanaharity with
the road environment. Therefore, decismoaking capacity may depend on the cognitive load of the
driver (e.g., decreased decisinraking capacity in an unfamiliar environment or vehicle vs. driving
around their neighbourhood in their owehicle). 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 perdefurswill et al., 2011; Horswikkt 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 destracted driving behavioursompared to
younger drivergYoung et al., 2007 )or instance, and notwithstanding methodological differences,
in Australian older drivers, 37% of drive time is spent engaging in secondary(vasksg 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 Carolifgoss & 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 .et2at18) Older drivers exhibit sel
regulatory behaviour, restricting higlsk tasks that requisd¢aking hands off the steering wheel and
eyes off the roadway (such as reading, mobile phone use, and reaching f&) thjgetiods where
the vehiclas 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 hazardaum.ev

Driving relies heavily o(bjarcoetal., 8020; $iviakj1936) 6 s
Visual function characteristics such as visual acuity and contrast sensitivity in healthy eyes peak in
the midtwenties to 30, and gradually declineih old age(Sekuler et al., 1982 ontrast sensitivity

refers to an individual s ability to detect a
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meaning a higher threshold to change and cor{Bakiuler et al., 1982Yhere is also sigficant loss

of lens transparency, whereby the lens becomes more occluded withvdger t 2 nez Raoda et
This increases intraocular scattering, where light scatters in the eye and produces a vell of straylight
over the retingvVan Den Berg et al2007) Greater impairment of contrast sensitivity is associated

with atfault motor vehicle crashg®©wsley et al., 2001)and is a significant predictor of driving
impairment in orroad studieGray & Regan, 2007; Wood & Alfred, 2009ncreased contrast
sensitivity showed the strongest correlation with SDLAT and standard deviation in steering wheel
angular velocity in older adults compared to younger aq@tsiz-Peregrina et al., 2020DIder

adults with normal vision also perform worse than youngedtsdwith poorer detection and
recognition of hazards and road signage during a daytime drive on a closed trg®dool 2002)

To summarise, older adults are a vulnerable population for motor vehicle crashes, such that
agerelated decline in cognitesperformance 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 gjesidas,
socioeconomic status, use of medication, alcohol or drugs, the road environment, and driving speed.
Overall research suggests thltaiving cessation was significantly greater in femaledolder aged
adults, for those with medical disorders and for nighttime drives (Charlton et al., 2019)
Furthermore, oal@er 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 contentconsumption during the daylight hours, andr involving other
vehicles(Koppel et al., 2011; Langford & Koppel, 200®rashes involving oldedriversare also

more likely to result in serious injuri¢gberhard, 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
sleepfragmentation(Conte et al., 2014; Ohayon et al., 2Q0dhe 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 djtaexperienced by older adults, a similar deterioration in
alertness and performance might be expected during the waking Hstatever, the opposite is
observed in sleedeprivation studies comparing mood, working mememg sustained attentiom
younger and older adultender conditions of sleep logadam et al., 2006; Duffy et al., 2009;
Gerhardsson et al., 2017; Pasula et al.,, 2018; Schwarz et al., 201@ger adults hea longer
reaction time and increased number of lapses on the &Wilreportbeing sleepiercompared to
older adults acrogseriods ofextended wak@Adam et al., 2006; Duffy et al., 200%ollowing 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 perfébatte when drowsycompared to
younger adultss also seen in driving performance. Statistically, young drivers are overrepresented
in fatal drowsydriving incidents in developed countri@idorne & Reyner, 1995b; Pack et al., 1995)
Indeed, keep restricted younger drivers perform worse than older drivers in-adwosimulated
driving taskwith greatnumber of lane departusgand show greater physiologicalrsgf drowsiness
(Filtness et al., 2012 Comparable to findings bfdam et al. (2006and Duffy et al. (2009)with
similar sleep manipulation protocolgounger adults alseeport nearsignificant higher level of

subjective sleepinegFiltness 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 expesgephysiological
(EEG) signs of sleepineg€ampagne et al., 2004; Lowden et al., 2009; Scarpelli et al., 2021; Vaz
Fragoso et al., 2010However, in contrast, Bartolacci et al. showed that older adults performed worse
than younger adults on drivifglated attention and perception tests following sleep(Badolacci
et al.,, 2020) While Bartolacci et al. (2020jeport age as a strong predictor for drivietated
cognitive impairment, older drivers are also exhibit more cautionary behaviouffia $ruations,
which might mitigate the risk of a crash, accounting for the lower crash risk observed in
epidemiological studies.

The notion thato | d e r adults are mor e i ridugivelwheant O
considering thadlder adults hve poorer sleep outcomesative toyounger adults. One explanation
that may account for this observatienthat sleep deprivation studies looking at age differences
typically utilise tasks that measure drowsiness as alertness failure indicated bglesigror fall
asleep eventOlder adults may be less likely to fall asleep (even at night as reflected by prolonged
sleep latency), yet still exhibit other aspects of sikedgted driving impairment (e.g., enhanced

distractibility).

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

adults

Public health campaigns aim to increase aw
Stopd campaign by the Transport Accidenest Comm
siteso where drivers can pull over and frecha
environment can be remote and unstimulafif@nsport Accident Commission, 2028k accidents
are more likely to occur on a highway during nigihte 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 heaviy on a driverds subjective awareness of
specific age groups. The success of these fce
accurately assess their level of alertness. While data suggestddéradrivers are more likely to

notice drowsiness and cease driviiWgatling 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 sleepgnd/or knowing the potential rigmith 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 Sowth Wale
Centre for Road Safety in Australia called Al
assessing their level of sleepiness and provides plans of action if the driver is féligunesgort for

New South Wales, 2020This campaign is primdyi aimed towards highisk populations, such as

young males aged 140 years (as they are more likely to be involved in a fatigue related crash).
However, the secondary audience are ol der mal.
in afternom crashes due to a reduction in nigihte 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, letso 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 bebée to selfmonitor 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 assesatheir
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 individual 6s awareness o0
subgctive sleepiness with physiological measurésirowsiness, includinglpha (8.513Hz) and
theta (4.88Hz) activity indicating physiological sleepingg&ement & Carskadon, 1982; Gorgoni et
al., 2014)or EOG derived measures of sleepinessh asslow eyemovements (SEMand slow
pendular movements of the ey@®orsvall & Akerstedt, 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 ever(fTorsvall & Akerstedt1988) Seminal research kerstedt and Gillberg (199@pund
that sleepdeprived individuals have good insight into their increasing sleepia&s®asured by the
Karolinksa Sleepiness Scale (KSS). The KSS requires participants to rate their fefediegpiness
ona9poi nt scal e, from Avery Tdligrhttd n@s sdreep® 1)
KSS is a reliable indicator of subjective sleepiness, and is sensitive to extended waké@faitkess
et al., 2006)circadian timindDijk et al., 1992)time-on-task(Akerstedt et al., 2010and impairment
in simulated(Filtness et al., 2012; Reyner & Horne, 19984 realworld (Anderson et al., 2018;
Ftouni, Sletten, et al., 2018jiving. In sleepdeprived individuals, subjective sleepiness stasngly
correlated with alpha and theta EEG activity &fitMs(Akerstedt & Gillberg, 1990However, these
physiological indices of alertness did not reliably occur until participantsexémremely sleepyThis
suggests that individuals may be more aware o0
warning systemo. l ndeed, Manousakis et al. re
sleepiness and impairment thre PVT, which was exacerbated following sleep ([d4anousakis et
al., 2021)

Ocular measures such as positive amplitude/velocity ratio of a blink deapredictive
capacity with the KSS at predicting PVT lapses across-hodi® extended wake peridétouni,
Rahman, et al., 2013¥loreover,KSS scoresrecomparable, if not better, to objective measwfe
alertness (Pupillary Unrest Index) when predicting impaired performance (PVT lapses) and alertness

failure (microsleeps and SEM) in sledpprived yaing adultgMaccora et al., 2018 aken together
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subjective sleepiness could be an early indicator of oncoming objective alertnessafailaréical

for the success of public. education fAcease dr
To address this in a driving conteittis important that individuals can selffonitor sleepiness

levels while driving under conditions of drowsinesStudies examining the association between

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

sleepness increases with sleep loss and is associated with driving impaiamemid et al., 2017;

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

between subjective sleepiness and lane deviati@@gmsind et al, 2013; Mulhall et al., 2020;

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

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

While youngerand older adults may differ in thability to accurate assess sskéepinessthere is

l i mited research on the i mpac tmontdr sleegness.dne an

simulated driving study found that both age groups demonstrated goadssggift into growing

sleepines$ollowing sleep restriction, with close correlations between EEG and subjective sleepiness

measureqFiltness et al., 2012)Despite both age groups demonstrating good insight inte self

sleepiness, the predictive capability of subjective sleepiness amagdimpairments 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 byiltness 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 fatalifi€sipling & Wang, 1994; National Highway Traffic
Safey Administration, 2015; Transport Accident Commission, 20%93 crucial to investigate and
identify subjective and objective indices of drowsiness to a) impcoménuoudatigue monitoring

technoloy efficacy, and b) inform educational interventiomgrams, for both younger and older
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adults We challenge a counterintuitive conclusion in existing researittat older adults are more
resilient to the effects of sleep losss they are appear impaired relative to their -vedted state

(albeit less sthan younger adults) in both laborat¢Buffy et al., 2009and driving studie@Filtness
etal.,2012) Lastly, the i mpact of age on an indivi
the association with reabad adverse driving events are fgebe examined. As such, this thesis aims

to investigate the impact of age 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 subjead objective indices of
drowsiness while driving in younger and ol der
awareness of sleepiness while driving and the extent to which subjective sleepiness could predict
adverse driving outcomes. @i 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 arroad driving taskChapter 3).

Hypothesis la: Younger adults would show greater driving impairment and physiological
drowsiness following sleep loss compared to older adults.

Hypothesislb: Older adults would show increased driving impairment and physiological drowsiness
when sleep deprived relative to their wedbted drive.

Am 2. To conduct a systematic review to answer
sleepiness while driving, and to what extent does subjective sleepiness accurately reflect driving
i mpai r Qlkaptder 2.0 (

Aim 3: To examine the impact of agend slep deprivation onsubjective sleepinessind the
predictive capacity of several subjective sleepiness measures including the Karolinska Sleepiness

Scale, Likelihood of Falling Asleep scale, and Sleepiness Symptoms Questi¢@haipter 5).

Page P8



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 asess how accurately subjective sleepiness measured at the end of the drive reflects
driving performance for the previous drive, and the impact o{@gapter 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 experimentehapters 3 5 and 6 were collected from a
singtreoaddn track driving study. We r e
younger adults aged &b years and older adults aged@®DyearsWhile these
age ranges are not the age r an g dateratucefthe@gecangeger 6
for younger drivers was chosen to control for license status i.e., they had to have their license for at
least 3 yeardn Australig adults can apply for their probationary license at the ages-©8 ears
dependent on the statd application. Therefore, the youngest age we could include with our
exclusionary criteriavas20 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 actiatems, but not
have older ageelated impairment that may impact their driving performance (e.g., visual acuity,
reduced reaction time due to motor deficiencies, eiti¢. experiment involved (i) pradmission
screening to determine eligibility; (iire-study monitoring prior to each experimental condition to
ensure prestudy conditions were met/consistent; and (iii) the ns&uly protocol, which comprised
a crossover, randomised controlled study whereby individuals drove a car while alert andletbge
deprived.Figure 1 provides a visual summary of the-pdenission ahome monitoring period, in
laboratory parts of the protocol, and the track drive for a participant allocated to complete the sleep
deprived condition first. Data collecteldrring the twehour drive includd (i) continuous monitoring
of ocular measures of alertngssch agye closures, (ii) adverse driving events or driving impairment
measures, such as lane deviations, andnfi@asures of subjective sleepindgslihood of falling
asleepand sleepiness symptonitsye closure metrics such as blink durat{@hiferaw et al., 2018)
and PERCLOS%Dinges & Grace, 1998&re sensitive to sleep loss. Driving events such as near crashes
(Lee et al., 2016and lane deviations (wheed least two wheels leave the roadw@hderson &
Horne, 2013; Shiferaw et al., 2018)so 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 Scaldfkerstedt & Gillberg, 1990)or the likelihood of falling asleep in the next few
minutes (e.g., Likelihood of Falling Asleep scaleorne & Baulk, 2004)Ethical approval for all
procedures was obtained from the Monash University HumaedReh Ethics Committg@roject

number: 9215). Participants gave written informed corsetitwere reimbursed for their time

Laboratory Protocol

Sleep

Wake (Ad hoc light)
Wake (100 lux)
Wake (10 lux)

m
=

Drive
Unstructured Sleep

Y
N

Study Day
Py
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DOoO00QN
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0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Figure 1. Raster plot of the study protoc&xample protocol for a participant allocated to the
slego-deprived condition first with an 8am wake time. Each row represents one day of the study,
including the prestudy structured sleep (SS); the main in/lab track study experimental days (E); and
Recovery days (R). Admission (AD) and Discharge (D) of thegiaants is also shown. Participants
completed eight days of pstudy structured sleep (S&I58) and were admitted to the laboratory
two hours postvake on D1. On D2, participants commenced theltwor drive at 29 hours post

wake (dark grey bar). Pampants 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 we#ited condition, participants completed theesarive at

five hours postvake.
2.1. Participant Screening and Eligibility Criteria

Participants underwent rigorous screening with strict eligibility criteria to eribatéhey
were physically and mentally healthy to participate in the stiodyafegard against vulnerability to
adverse reactions to the study proceduresal screening included a telephone screening interview
and an online questionnaire to determine initial eligibiliBn initial consent meeting and
neuropsychological assessmentswie furtherused to confirm eligibility and ensure no mild
cognitive decline in our older adult (8% years) group. Participants were then required to complete
a 30minute semistructured interview with a provisional psychologist to ensurepéudicipants had
no history of psychiatric disorders, no fudgtgree relatives with psychiatric disorders, or not currently
experiencing psychiatric disordefollowing that, participants were given anhatme monitoring

sleep disorder screening devioenear 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 screE2goroceeded to thenline
guestionnaireThe telephone interview screened captured ineligibility dumgafficient driving
hours per weekjncorrect sleep timing and criteria, use pfescription or ovethe-counter

medication

Table 1. Exclusion Criteria for Participants Presented in Chapters 35 & 6.
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Criteria

Participant EIligible 1If

Age
Driving History

English Fluency

Body Mass Index (BMI)
Bed Time

Wake Time

Sleep Duration

Naps

Medication Use

Sleep Disorders
Psychiatric Disorders

Stroke or Acquired Brain Injury

Physiological Health

EyeDisorders or Diseases

General Anaesthetics
Female Health

Alcohol Consumption

Caffeine Consumption
Smoking

Blood Donation

Circadian Misalignment

2071 35, or 50- 65

Drives a car; Has held a valid car driving license
greater than 3 years; Drives greater than 100km
week

Adequate fluency to undergo neuropsycholog
assessment and provide informed consent
Between 18.@&nd 29.9

Reported habitual bed tinfieom 10:00pni 1:00am
Reported habitual wake tinfieom to 6:00ami 9:00am
Reported sleep duration between 3 hours per night
No more than 2 naps per week

No use of any prescription medication related to sl
complaints, depression (mood stabilisers), epile|
asthma (bet#lockers), psychotics, steroids, or anythi
that can affect the central nervous system within the
3 months; no use of any prescriptior noRprescription
medication during the study period

No reported diagnosis of sleep disorders

No reported currentr history ofpsychiatric diagnosis
No immediate family history of psychiatric disorder
No history of stroke or loss of consciousness greater
15 minutes

No diagnosis of cardiovascular disease, hea
impairment, autoimmune disorders, inflammat
disorders, epilepsy, or migraine

No history or current diagnosis of eye disorders
diseases; No colour blindness; Xsion impairment nof
corrected by lenses

No general anaesthetics in the past 3 months

Not currently pregnanplanning to become pregnant,
breastfeeding

No current or history of alcohol consumption >
standard drinks per week

No consumption of caffeine exceeding 300mg per d
No current smoking or use aficotine replacemen
therapies

No full blood donation within las® weeksor during the
study

No trans meridian travel > 2 time zones, or nights
work in the pasmonth
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2.1.2. Online questionnaires

Participantsvho wereeligible from the telephone screproceeded tan online questionnaire
to obtainparticipant demographics, physical, mental and sleep health, driving history and medication
use as well as several standardised and validated questionnairese$s atsep quality, mood
disorder symptoms, sleep disorder symptoms, and daytime sleefidi¢ehe 123 participants who
completed the online questionnai§ (29.360) were deemed ineligibland 22 (17.9%Wvithdrew

interest in the study. THellowing scales wereused in the online questionnaire

2.1.2.1. Epworth Sleepiness Scale (ESS)

The ESS is an -8em questionnaire assessirigait daytime sleepinesgJohns, 1991)
Participants rate thikelihoodt hat t hey woul d fAdo zmintechlé fomOr f al
(Awoul d never dozeo) to 3 (Ahigh chance of doz
included sitting and reading, watching television, sitting as a passenger in adoahijl@ndriving 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 sledpotass, 1991; Johns, 2000he ESS is
considered to have good testest rahbility (r = 0.82, evenafter five months, and high internal
consistency in both clinical and heal thy popu

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

2.1.2.2. Insomnia Severity Index (ISI)

The ISl is a fitem questionnaire that assesses the subjective severity and impact of insomnia
in the past two week@astien et al., 2001; Morin, 1993 articipants ratetheir difficulty of sleep
onset and maintenae, daytime functioning, and distress causeh§ymniasymptoms on a-point

Likert scale ranging from O (ANone/ Satisfiedo
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range is 0 to 28, which can be interpreted as four levels of severity: alodemsemnia (07), sub

threshold (814), moderate (+21), and severe (228) (Morin et al., 2011) The ISI demonstrates
adequate internal consistency in both communi-
from 0.74(Bastien et al., 200X 091 (Morin et al., 2011)In this study,participants were ineligible

if their ISI was8 or more.

2.1.2.3. Restless Legs Syndrome (RLS)
To screen for subjective symptoms of RLS, atedn selfreport questionnaire was

administered. The items were as follows 1) fiDo you have unpl easant

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

move your | egs?0; 2) ADo these feelings occur
movema t ? O ; 3) NAre these feelings worse in the
yes to al/l of the above, how often do3withaese f

yes/no response and rated the frequency of their symptom3-pncai nt scal e rangi ng
than one ti mé ti mesarpet ow@ekddp. Participants w

to the first three questions.

2.1.2.4. Patient Health Questionnaire (PHQ)

The PHQ9 is a 9item version of th&®RIME-MD diagnostic instrument for mental disorders
(Kroenke et al., 2001)rhe PHQ9 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 Fourth Edition (DSMIV) (Kroenke et al., 2001Participants rate the frequency
of each depressive symptom experienced in the past two weeks-pairat 4cale ranging from 0
(ANot at all o) to 3 ( ANear nysswnmedrtoycalailate tbe)tatal T h e

score which ranges from2y7, which classifies depressive symptom severity as minird), (Gild
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(5-9), moderate (1Q4), moderately severe (1I®), and severe (2B7) (Kroenke & Spitzer, 2002)
The PHQ9 demonstrated exe | | en't internal consistency in c
0.89), and good tesetest reliability after 48 hours (r = 0.8@jroenke et al., 2001)or this study,
participants with a global score of 5 or more (symptom classification more seaaretlit he A mi ni |

range) were ineligible.

2.1.2.5. Generalised Anxiety Disorderliem Scale (GAD7)

The GAD-7 is a #item questionnaire that requires participants to rate the frequency of anxiety
symptoms experienced in the past two weeks orpaodi nt scal e ranging fron
(ANear |l y (Spiteereal.,2a0g)the items are badeon the DSMIV 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)(0nild (59), moderate (1:Q4), and severe
(15-21). The GAD7 demonstrates good internal consistency and teststereliability Cr onbac h 6 s
U = 0 .r¢ Q.83aespectively). While cuiff scores of 10 and 15 were used for moderate and
severe anxietyLowe et al., 2008; Spitzer et al., 200&)recent metanalyss reported that scores as
low as #10 had similar levels of sensitivity and specificity in identifying G&ummer et al., 2016)

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

2.1.2.6. Depressio Anxiety Stress Scales (DASH)

The DASS21 is a shortened version of the-di@n DASS(Lovibond & Lovibond, 1995)a
guestionnaire designed to assess depression, anxiety and stress. Participants report the severity of any
depression, anxiety and stregsnptoms in the pastweekonpdo i nt scal e ranging
apply to me at all o) to 3 (A Apprheideptessibrosubstale v e r
(DASSD) measures symptoms associated with low mood, hopelessness, and lack aiomoliie

anxiety subscale (DAS8) 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) assesses feelings ohseon, irritability, and agitation. Each of thetbeee

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.-Gthescares for

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

Table 2. DASS21 Cut-off Scores for Subscales

Symptom Severity DASSD DASSA DASSS
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 DASS21 has been well validated across several studies, with good internal consistency
for the total scal e ( Cr onb,®A36A and DASSS sdhscl8s) anc
(Cronbachoés Ud 090 respstelyjHonry & 2rawfard) 2005) Participants were

excluded if they scored beyond the ANor mal 0 r a

2.1.2.7. Fatigue Severity Scale (FSS)

The FSS is a-@#em questionnaire that requires participants to rate the freqaewicgeverity
of fatigue symptoms on a-poi n't Li ker't scale from ranging f
(AStr on g(Krypp e gl.r 1688)bhe overall fatigue severity score is calculated using the mean
score of all items, and a higher score intisayreater level of fatigue. While originally developed for
patients with multiple sclerosiKrupp et al., 1989)the FSS has been validated in other clinical
popul ations such as sl eep d(Helofsord8lLarsen, 8003/atka e and

etal,2008) The scale has excell ent i nter n-eetest cons i
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reliability (Valko et al., 2008)A score of 5 is a cuff for the presence of fatig¥alko et al., 2008)

and was exclusionary for this study.

2.1.2.8. Pittsburgh Sleep Quality Index (PSQI)

The PSQI is a &tem questionnaire that assesses sleep quality and disturbances in the past
month(Buysse etal.,,1989) The 19 items produce seven fAcomp
quality, sleep duration, sleep onset latency, sleep efficiency, sleep disturbances, the use of sleep
medication, and daytime dysfunction. Participants rate each component-pairat 4ca¢ from O
(ANo difficultyo) to 3 (ASevere difficultyo).
scores ranging from-Q1, with a higher score indicating poorer sleep quality. The components of the
scale have high internal consistency (Cronbash U -0G:85)@Gnd8e6tetest reliability (r = 0.87)
(Backhaus et al., 2002; Buysse et al., 1989; Carpenter & Andrykowski,. ¥08R)bal score greater
than 5 yielded good sensitivity (89.6%) and specificity (86.5%) at distinguishing between poor and
good sleeper@Buysse et al., 1989Consequently, 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 -i@m questionnaire that assesses the risk fadtmrs
obstructive sleep apnoea organised into three categories: 1) snoring behaviour, 2) excessive daytime
sleepiness, and 3) hypertension and BMEktzer et al., 1999)The items have good internal
consistency ( C40.62)(Neizertethas, 1999 Participant8 fate 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. he STORBang Questionnaire

To ensure our sample did not have sleep apnoea, the snoring, tiredness, observed apnoea,
high-BP1 BMI, age, neck circumference and gender (ST&2Ag) questionnair@hung et al., 2008)
was used as a screening tool. Thisisighte t em questi onnaire that asks
or finod to clinical features of sl eep apnoea.
scores zero, leading to a potential global score maximum of eight. A score2as@onsilered low
risk of obstructive sleep apnoea, and a cut off score of 3 demonstrates high sensitivity (84%) in

detecting sleep apnoéa@hung et al., 2008 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 thatBMI was within the 18 and 30kgAmange, and any pariants outside of these ranges
were excluded. The Ishihara Té&hihara, 1972, 2000)as 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 digibmposed 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 touengarticipants had healthy
haemoglobin and iron levels, amd electrocardiography (ECG) assessment to ensure absence of
cardiac abnormalities. A medical physician interpreted the results and determined whether
participants were of good health. Particitawho failed the medical examination were not eligible

to proceed into the study.
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2.1.4 Neuropsychological Assessment

A standarcheuropsychological assessmeattery for cognitive impairment (Manousakis et
al., 2018)was conducted to measure cogratiunctionfor all participants but was primarily used to
ensure older adult participants were free from neurocognitive impairmdimis assessment
ascertained demographic information such as years of education and first language. The assessment
battery onsisted of the California Verbal Learning Tes{Dlelis et al., 200Q)Mini-Mental State
Examinationi Second Editior{Folstein et al., 2010)Comprehensive Trail Making TedReynolds,
2002) National Adult Reading Teg¢Nelson, 1982)and Weschler Adulntelligence Scalé 4" Ed

Digit Span SubtegWWechsler, 2008)

2.1.4.1. California Verbal Learning Test Il (CVLT)

The CVLT-II (Delis et al., 2000assesses verbal episodic memory and is among the five most
used assessment tools in North Ame(Rabin et al., 2005)in both clinical and research settings
(Aslaksen et al., 2018; Egeland et al., 20I®)e CVLT-1l is administrated according to standardised
instructions, and is a measure of auditory learning, recall and recognition memagstldenprises
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 pigipant 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 Ardesdl) and with the mmpt of
the four categories (cugécall). This is referred to as the shdeday recall trial. This is then repeated
after 20 minutes which is referred to as the ldetpy recall trial. Finally, a recognition trial is
completed, whereby participants gmesented (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 fiyeso or finoo if each word was from Lis
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The CVLT-Il is scored according to standared 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 @elisest al., 2000Q)

Two composite CVLT scores were calculatedseneral Verbal Learning (GVL) and Inaccurate
Memory (IM) (CamposMagdaleno et al., 2014; Delis et al., 1988i)gher GVL scores demonstrate
superior verbal learning performance, therefore a scote®ED was exasionary for this study. A
greater IM score indicates poorer memory performarioerefore,a score ofO 1.5 SD was

exclusionary.

2.1.4.2. MintMental State Examinatiori Second Edition (MMSE)

The MMSE (Folstein et al., 2010)as used to assess globabnition 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 scoredigated greater cognitive function. A eoff 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 individuats Z@e
years or olde(Kim et al., 2014) Participants with an MMSE score©f 24 were inel i gi

part in the study.

2.1.4.3. Comprehensive Trail Making Test (CTMT)

The CTMT(Reynolds, 2002)vas used to measure processing speed and cognitivelitgxib
It consists of a standardised set of five trials of increasingly complex visual search and sequencing
tasks. Trails 43 assess processing speed and require to participant to draw a trail or line through
ascending numbers as quickly as possiblelsdeb 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.,-A-2-B-3-C). The raw scores were the time taken to complete each trail, whieh wer
converted to standardisedstores in accordance with aggtched norms. A CTMT Composite

Index is then calculated by summing the fivesdores as a global score, then converting to a
standardised -Bcore. The individual trails and the Composite Indexelgood internal consistency

( Cr onbac h@79 and 0.92 reBpeciivelfReynolds, 2002)Testretest reliability coefficients

after one week ranged from 0:0078 for the five trails and 0.84 for the Composite InRaynolds,

2002) The Compositendex is an agaormed Fscore, 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 ScaleFourth Edition (WAIS-IV) Digit Span Subtest

The WAISIV Digit Span subtesfWechsler, 2008assesses 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 teés1) 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, whicineggarticipants 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 lengtare 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 perfagmanc

2.1.5. Structured Clinical Interview for DSM-V (SCID-5)
Participants completed a sestructured 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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psychatric disorders or symptoms. Participants were excluded if they showed evidence of current
psychopathology in accordance with the SElr a history of psychiatric illness. In addition, those
who reported an immediate family history of psychiatric 8fneuch 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 Aporea Screening

At the final stage of screeningapicipants were screened for undiagnosed obstructive sleep
apnoea in an dtome overnight assessment using ApnealMnk his device is strapped onto the
participantos chest wandlahinsestedln® theé nosritsdTheaApneallbka | pr
records nasal airflow and has arbilt 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 ApneaLittkaso measures oxygen desaturation index
(ODI), defined as the number of desaturations that represent a 4% or greater fall in oxygen saturation
per hour of recordingChen et al., 2009)The ApneaLinK™ ODI has good sensitivity (75%8%)
andspecificity (8689%) at detecting polysomnography apnrbeg p opnoea i n(iget ( AHI
al., 2009) suggesting it is a good-abme screening tool for detecting symptoms of obstructive sleep

apnoea. For this study, we used adaffitscore of ODlyw >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 sedklected sleep and wake time. This was to ensure that all participants were
well-rested prioto any study manipulatiofMcMahon et al., 2020While 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 éhdewsation from scheduled

sleep wake times + 15 minutes was exclusionary.

Adherence to this schedule was monitored by wrisin activity monitors (Actiwatct2,
Philips Respironics, USA), sleep diaries, and tstemped calins to the study phone at bed and
wake time. While polysomnogrsmprg ¢ BPjS&ot ii vse crome
sleep(Taibi etal., 2013; Toon et al., 201 @rtigraphy is an inexpensive, nmvasive way to estimate
the sleep/wake state that can be worn for several weeks. Actigraphy also shows high sensitivity
(96.7%) for sleep detection,bait low specificity (39.1%) for wake detectigkahawage et al.,

2020)

To address this, we used a combination of sleep diary data, actigraphy, and talissess
participantsod6 sleep and cal cul at e iemyy,sleeponses s u cC
latency (SOL), and wake after sleep onset (WASO). Sleep periods were entered into the actigraphy
recordings based on sleep diary entries andimsllwhereby bedtime was defined as the time
participants reported they are getting inta band 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 calls were used to assess sleep schedule. See Figure 2 for flowchart of the

study screening process.
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Expression of Interest
(1129) Withdrew Interest
(421) Ineligible

(1997) Expressions of Interest

(447) Telephone Interview

3

Questionnaire Screened
(22) Withdrew Interest
(36) Ineligible

(123) Online Questionnaire

Telephone Interview
(19) Withdrew Interest
(305) Ineligible

(65) Consented

Neuropsyvchology Screen
(0) Withdrew Interest
(1) Ineligible

(62) Neuropsychology Screen

Consent
(0) Withdrew Interest
(3) Ineligible

(61) Psychology Interview

OSA Screen
(4) Withdrew Interest
(3) Ineligible

(50) OSA Screening

Psvchology Interview
(0) Withdrew Interest
(11) Ineligible

(43) Physiological Examination

Phyvsiological Examination

Week 1 Structured Sleep
(1) Withdrew Interest
(2) Exited

(41) Week 1 Structured Sleep

(1) Withdrew Interest
(1) Ineligible

(38) Week 1 Track Drive

Week 2 Structured Sleep

(37) Week 2 Structured Sleep

Week 1 Track Drive
(0) Withdrew Interest
(1) Exited

(0) Withdrew Interest
(0) Exited

(37) Week 2 Track Drive

A

(34) Completed Study
(17) Younger Adults
(17) Older Adults

Week 2 Track Drive
(1) Withdrew Interest
(2) Study Terminated

Figure 2. Flowchart of participant recruitment. ThHlswchart 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 intera@stparticipating, 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 twelibur driving sessions in an instrumented vehicle around a closed
track loop under two contibons: 1) wellrested after a night of normal sleep with 8h time in bed, and
2) sleep deprived following 29h of-laboratory sleep deprivation. Participants completed the drives
in randomised order, with a minimum ewneek wash out interval between sessido allow for
recovery from sleep losé&s we wanted to ensure that our sleep manipulation protocol is sufficient
to create drowsiness events, we based it on previous protocols that resulted in sufficiefLegents

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 l&lrgraThis 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 sleegieprived driving session, participants were admitted to the Monash
University Sleep and Cieclian Laboratory, Melbourne. They remained in a sattehuated 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 completetty testing batteries
and provide hourly saliva and blood samples (data not used in this thesis). Duriegtmanperiods,
participants were free to move around the suite and engage in quiet activities such as reading,
watching television shows or movies, playing games with the study staff. Temperature was

maintained aR1°C throughout the sleep deprivation period.

Ambient light levels were constantly measured and controlled throughout the sleep

deprivation period, as light can increase alertifesskley et al., 2006; Phippblelson et al., 2003)
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and result in circadian phase sh{@@oivin et al., 1994; Zeitzer et al., 200@uring 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 twaolibur drive sessions that began 5h poske for the welrested
condition, and 29h postake for the sleep deprivatidne., same time of day withisubject) As
participants could choose their scheduled sleep/wake times,toingsebegan between 11:00 and
14:00across participantd he timing of the drivesvasbased on a predetermined, éfithed timing
from previous studieg¢Lee et al., 2016; Shiferaw et al., 2018)I 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 safatyl provide intervention if there was a risk of collision
(classified as near crasbvent see Section 2.4).4A study technician sat in the back seat to assess
subjective sleepiness at regular intervals during the @sime Figure 3 for track drivarotocol). 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 evenlame departure with all four wheels leaving the roadway) with
minimal riskto the driverdue to thepresence of driving instructor in addition to dack of other
vehicles or pedestriang/hile naturalistic driving environmestprovide more realistic datthey 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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TSW

MINS INTO DRIVE 0 15 30 45 60 75 90 105 120
B 09 11 13 15 17 19 21 23
CLOCK TIME
Laboratory
ISW 0 2 4 6 8 10 12 14 16
CLOCK TIME 23 01 03 05 07 09 11 13 15 17 19 21 23
Visit (26h)
TSW 16 18 20 22 0 4 6 8 12 14 16

MINS INTO DRIVE 0 15 30 45 60 75 2 105 120

Legend

€ KSS + Likelihood of Falling Asleep

O Red traffic lights and Sleepiness Symptoms Questionnaire
- Ocular metrics measured by Seeing Machines’ DMS

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, redght intersections, and a giveay 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 thraetice 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 -enenyt89
of the drive and completed the Sleepiness Symptoms Questior{rtreard et al., 20143fter each
traffic light, and at the end of the drive. Driving sessions were completed in clear, overcast or rainy

weather conditions.

N
Start/End \\\\* e —://:)
—

Figure 4. Map of the METEC track in Melbooe, 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) an@inding roadqgreen).

2.3.3. Study Vehicle

Participants drove an automatic transnassi Honda Jazz equi pped wi
driver monitoring system (DMS)Seeing Machines, Canberra, Australia), a Mobileye system (with
audio warnings deactivatedMobileye Technologies Limited, Jerusalemapd a forwardfacing
camergBlackVue,Pittasoft, Gyeonggido, Republic of Korea See Figures for overview of sensing
platform in the study car. The DMS continuously monitors driver alertness state durindidie 2
drive. Driver alertnessvas assessed using eyelid position/opening. The DMS has bsed in

naturalistic driving studiegKuo et al., 2018; Mulhall et al., 202@nd assesses rdahe driver
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drowsiness behaviourhe validity of the DMS has been examined in a multimodal data study utilised
EEG and EOG to verify the microsleeps captured by the W8ng et al., 2019)Limitations
reported include that the DMS only identifies microsleep events during eye closweyeno
microsleeps can occur with the eyes ofghowdhury et al., 2018)n addition, valid data is only
available when the driver is facing the steering wimeelinted camera and swill lose tracking if the
driver moves out oframe orturnstheir head awayNonetheless, mean eyelid tracking validity was
reported to be 91.99%, and is still a useful measure of driver drowgiesg) et al., 2019)The
Mobileye device is used to continuously monitor vehicle speed throughout the drive. The BlackVue
forwardfadng camera records footage of the drive, which allowed for visual scoring of lane

deviatiors.

Figure 5. Overview of technologies fitted into the study vehi¢g.BlackVue forwarefacing
camera, (b) Mobileye, (c) steering wheel angle sensor, arfgl¢d® i ng Machi nes6é Dr i

System.
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2.34. Electroencephalography, electrooculography and electrocardiography recording
EEG, EOG and ECG data was recorded using-eh@2nel portable EEG system with a 32

electrode cap (actiCAP slim and LiveAmp, BraProducts GmbH, Gilching, Germany)his

consisted of28 scalp electrodeglacedaccording to the international -dD electrode placement

systemtwo electrodes foOEOG (at the outer canthus of the right eye, and 1cm above the horizontal,

and the outeranthus of the left eye, 1cm below the horizoraakl two for theeCG (approximately

1 inch below the right clavicle, and 2 inches below the left claviElEX> data were recorded relative

to a Cz reference electrode and Mas used as thground electrod. Data were sampled 300 Hz

and impedances were maintained dbkq . While EEG, EOG and ECG dateererecorded, it was

not included as a measure of objective sleepiness in experimental chapters 3,. 3 lente@sons

for this is thre€fold: first, ocular signals such as PERCLOS, long eye closure and blink rate are widely

used in the field to accuratetietect drowsy driving (see Cori et al., 2019 for review); second, we

utilised avalidateddevice that capturebesesigns of sleepinesgg.g.,long eyeclosure)for greater

ecological validity ageadingfatigue monitoring devices rely atularbasedsigns(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 iffield environments.

2.35. Subjective Sleepiness Measures

Participants verbally completed the Karolinska SleegsnScale (KSS) and Likelihood of
Falling Asleep Scale (LFA) prior to starting the drive, and evernifutes throughout the drive.
The research technician in the backseat recorded the answerstimezah visual version of the
scales was placed in tikentre 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 drivelicipants were asked to

stop the study vehicle at the giway 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 participanttesume the drive. Upon completion of the drive, participants

completed the SSQ, KSS and LFA.

2.35.1. The Karolinska Sleepiness Scale (KSS)

The KSS(Akerstedt & Gillberg, 1990)s 9-point scale of subjective sleepiness that requires
participants to verbly rate their level of sleepiness in the past five minutes, ranging from 1
(AExtremely alert) to 9 (AExtremely sleepyo).
duration (Akerstedt et al., 2010)s strongly correlated with physiologicaleasures of sleepiness
(Kaida et al., 2006)and is a strong predictor of subsequent driving impairrfenderson et al.,

2018) This study administered the modified version of the KSS, which has item descriptors at every

point (Reyner & Horne, 1998)

2.35.2. Likelihood of Falling Asleep (LFA)

The LFA(Reyner & Horne, 199&gquires participants to judge the likelihood of sleep onset
in the next few minutes onafboi nt scal e, ranging from 1 (fAVe
Perceived likelihood ofleep onset was highly correlated with increasing subjective sleepiness and

driving impairmeni{Reyner & Horne, 1998)

2.35.3. Sleepiness Symptoms Questionnaire (SSQ)

The SSQ(Howard et al., 2014js an 8-item measure of sleepiness symptoms commonly
experienced during driving. Participants are required to rate the frequency of sleepiness symptoms on
arfpoint scale ranging from 1 (ANot at all o) to
by summing each item score, with a higher score ingeaf greater sleepiness symptom frequency.

The global score has moderate 4estest 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 oculgparameters

Ocular indices of drowsiness are an effective,-myasive method of measuring alertness,
and is sensitive to sleep lofSori et al.,, 2019)As such, oular parameters such as eymening
percentage and gaze coordinates were measured by uoudiy recording eyelid and pupil
movements using the Seeing Machinesd DMS. The
the steering wheel mount, directly in front of the driver. The angle of the steering wheel mount was
kept consistent for all dres in the study.

The DMS provided raw data of eyppening percentage in a .csv file with 1 frame/data point
per 16msecs. The DMS continuously records data during theupdeposirive testing, as well as
the entire twehour drive. As this thesis examsecular changes during drivingnly data collected
during the driving task will be used in the analyses and will not include any pre airjpestesting
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 MobilBylelileye Technologies Limited,
Jerusalemto remove data when the vehicle was stopped, and thd sgeezero. 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 affesd. The ey@pening percentage values for both eyes would return a value of
zero, and these data were also removed.

The DMSO6 al gor topehing parcerdageas tha assume aamaximum eye opening
of 12mm. Therefore, if the eye opening was classified00% 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 populatigAsderson & Horne, 2006; Ftouni et al., 2013; Jackson
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et al., 2016)and t is unclear whether these technologies (and subsequent algorithms and criteria) are
appropriate for older adults. Agelated physiological changes such as ptosis (i.e., drooping of the
upper eyelid) may alter eye aperture and potentially impact comyeng/blink detection in these
technologies. Therefore, extensive analysis and visual inspection of driver facing video footage was
conducted to determine the ideal criterion to measur@pgring percentage and characterise blinks
across the younger antber 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 paticipants with inaccurate tracking of the left eye, identified by plotting theopgaing
percentage for each eye across both drives for all participants, and where there was continuous
discrepancy between the two eyes, was verified by visual inspedtiba 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 egpening percentage for each driver was calculated by
converting the DMS output into mm, then usled 99" percentile opening (in mm) as the maximum
eyeopening diameter (mm). Ey@pening percentage was then recalculated as a percentage of each

i ndividual dr i-openngdametea(mm)mu m ey e

2.4.2. Blink Events and Eye Closures

Continuous ey®pening 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 presisach@Anund et
al., 2018; Soleimanloo et al., 2019hese criterions were adjusted to ensure blinks were captured for
both younger and older participants. A blink event occurred when thepeyeng percentage drops
first below 50% (beginning the eyeosing 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 theopgaing percentage first drops below 50% tonvhe

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 (LEG&ined as a blink
between 500ms and 3 seconds in duration. \iielhavioural microsleep events were captured (eye
closures O3 seconds), only one event was ver.i
indices such as blink rate and blink duration have been shown in previous research to be sensitive to

drowsydriving (Lee et al., 2016; Shiferaw et al., 2018)

100

Closing Closed Phase Re-Opening
Phase Phase

80

Blink Duration ——

Eye Open (%)

! l | T T |
0 100 200 300 400 500 600

Time (msec)
Figure 6. Visual representation of the change in eye opening percentage during the closing, closed,

and reopening phase of a blink.

2.4.2. Percentage of Eye Closure (PERCLOS)
PERCLOS was measured using the continuousopgaing percentage, as defined as the

percentage of time the eyes are spent 80% closed within a riihnges & Grace, 1998; Wierwille
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et al., 1994) PERCLOS was calculated in a custom script in RStudio ubemgumber of frames

within a minute wheretheex@epeni ng value was below 20% (indi
divided by the number of frames in the minute to generate a percentage value. PERCLOS has been
shown to be an accurate measure of alertmagisincreased PERCLOS with increased time awake

and is associated with driving impairméwang & 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 & Horne2013) 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 dnviarfe
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 showpravious driving researdshiferaw 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 telysabntinue 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 studiegLee et al., 2016)

2.5. Summary of Outcome Measures

To summarise, the outcome measureshaf 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 experimectapters 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 d@8d; KSS = Karolinska
Sleepiness Scale; LFA = Likelihood of Falling Asleep Scale; SSQ = Sleepiness Symptoms
Questionnaire

2.6. Power Analysis
A comparable sleep deprivation stu@hiferawet al., 2018Wwith an alpha level of 0.05 had

N = 9 participants, with 432 data points of blink duration entered into a repeated measures ANOVA
withF= 5. 93 and | ar g a =6l A eror power caleulatiors suggest that we
wouldrequire 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., 2012yith an alpha level of 0.05. This study hid= 39 participants, with
312 data points of lane departures included in a mixed repeated and independent measures ANOVA
andreportedc= 9. 92 with | ar gdel.(. fAfpeod talcuationsesug@e€ithbee n 6 s
would require a minimum of 12 participants to power an interaction effect of age and sleep loss on
lane departures.

The same studyFiltness et al., 2012)eported 1360 data points of subjective sleepiness

measured by KSS entered a repeated measin&@®/AwithF= 46 . 55 and | arge eff
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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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CHAPTER 3

On-road driving impairment following
sleep deprivation differs according to

age

This chapter constitutes a manuscript reprinted f8mmentific Reportas:
Cai, AWT., Manousakis, J. ESingh, B., Kuo, J., FrancBester, E., Beatty, C. J., Rajaratnam,
S.M.W., Len®, M. G., Howard, M. E., & Anderson, C. (2021Pnroad driving impairment

following sleep deprivation in younger and older adi8sentific Reports
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Preface to Chapter 3

s discussed i€hapter 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 ahtowo
drive postshift work compared to wellested (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 gatzeps. 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 drowsin€éspter 3 presents an investigation comparing the
impact of age odriving performance and ocular measures of drowsiness following 29 hours of sleep
deprivation on a twdour onroad track drive, compared to a wedlsted conditionChapter 3
comprises an article publishedSeientific Reportssubmitted November 2028nd accepted August

2021.
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scientific reports

On-road driving impairment
following sleep deprivation differs
according to age

AnnaW.T. Cail, Jessica E. Manousakis?, Bikram Singh?, Jonny Kuo?, Katherine J. Jeppe!,
Elly Francis-Pester’, Brook Shiferaw??, Caroline J. Beatty’?, Shantha M. W. Rajaratnam?,
Michael G. Lenné?, Mark E. Howard> & Clare Anderson*!

Impaired driving performance due to sleep loss is a major contributor to motor-vehicle crashes,
fatalities, and serious injuries. As on-road, fully-instrumented studies of drowsy driving have

largely focused on young drivers, we examined the impact of sleep loss on driving performance and
physiological drowsiness in both younger and older drivers of working age. Sixteen ‘younger’ adults
(M=24.3 +3.1 years [21-33 years], 9 males) and seventeen ‘older’ adults (M=57.3 +5.2, [50-65 years],
9 males) undertook two 2 h drives on a closed-loop track in an instrumented vehicle with a qualified
instructor following (i) 8 h sleep opportunity the night prior (well-rested), and (ii) after 29-h of total
sleep deprivation (TSD). Following TSD, both age groups displayed increased subjective sleepiness
and lane departures (p<0.05), with younger drivers exhibiting 7.37 x more lane departures, and

11 x greater risk of near crash events following sleep loss. While older drivers exhibited a 3.5 x more
lane departures following sleep loss (p=0.008), they did not have a significant increase in near-

crash events (3/34 drives). Compared to older adults, younger adults had 3.1 x more lane departures
(p=<0.001), and more near crash events (79% versus 21%, p=0.007). Ocular measures of drowsiness,
including blink duration, number of long eye closures and PERCLOS increased following sleep loss
for younger adults only (p <0.05). These results suggest that for older working-aged adults, driving
impairments observed following sleep loss may not be due to falling asleep. Future work should
examine whether this is attributed to other consequences of sleep loss, such as inattention or
distraction from the road.

Globally, more than 1.35 million people are fatally injured in road traffic crashes, with an additional 20-50 mil-
lion people sustaining non-fatal serious injuries'. Drowsiness, due to insufficient sleep or driving during the
night-time hours, is a major contributing factor to motor vehicle crash risk**. In the United States, drowsiness
was estimated to contribute to 21% of all fatal motor vehicle crashes and 13% of severe injury crashes. Similarly,
in Australia, drowsiness is involved in an estimated 20% of all fatal crashes, and 30% of severe injury motor
vehicle crashes®®. Crashes caused by drowsiness are both highly identifiable and preventable. For instance,
sixty-six percent of drivers report having driven while drowsy in the past 5 years, and 19% report experiencing
near crashes due to drowsiness®. Younger drivers are overrepresented in drowsiness-related crashes’, such that
18-24 year old drivers are 14.2 times more likely to crash during the night-time hours or during early morn-
ing driving'®. This enhanced vulnerability may be due to an increase in driving exposure during these times,
and/or an increased vulnerability to sleep loss compared to older drivers. While laboratory-based studies have
examined this increased vulnerability of younger individuals to sleep loss!!"', no study has examined age-related
vulnerability to drowsy driving using real, on-road driving outcomes. No data therefore exists characterising and
quantifying the impairment of younger drivers relative to older drivers, when well-rested and drowsy.

The effect of sleep loss on real on-road driving performance in younger drivers has been well-documented.
During sleep loss, younger drivers exhibit greater physiological signs of drowsiness including increased slow
eye movements® and longer blink duration'®. Moreover, sleep loss in these younger drivers is associated with
increased lane departures and speed deviations, longer braking response times, and increased near-crash
events>'*""7. Using a fully instrumented vehicle on a closed loop track, 67% of younger drivers experienced a near-
crash event during a 2 h drive, following a single night without sleep. Driving impairment was also exacerbated by

Turner Institute for Brain and Mental Health, School of Psychological Sciences, Monash University, Clayton,
VIC 3800, Australia. 2Seeing Machines, Fyshwick, ACT 2609, Australia. *Institute for Breathing and Sleep, Austin
Health, Heidelberg, VIC 3084, Australia. ““email: clare.anderson@monash.edu
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Demographics Younger adults (N=16) | Older adults (N=17) | p value
Age (years) 24.26 (3.15) 57.31(5.17)

Sex (M:F) 9:7 9:8 0.867
Body Mass Index (kg/m?) 23.56 (3.28) 24.41(2.74) 0.428
Driving experience (years) 5.59 (2.12) 38.12 (4.79) <0.001
Weekly driving (h) 11.97 (7.74) 8.41 (6.66) 0.099
PSQI (/21) 2.45 (1.62) 2.44 (1.63) 0.912
ESS (/24) 3.63 (2.03) 2.83 (2.01) 0.263
IST (/63) 1.38 (1.41) 1.82 (1.78) 0.516
MEQ (/86) 38.68 (5.36) 42.05 (4.98) 0.071
ODI4% (events/h) 0.48 (0.50) 1.34 (1.51) 0.058

Table 1. Participant demographic summary (N=33). Mean (SD). PSQI Pittsburgh Sleep Quality Index, ESS
Epworth Sleepiness Scale, ISI Insomnia Severity Index, MEQ Morningness-Eveningness Questionnaire,
ODI4% Oxygen Desaturation Index with a 4% desaturation criteria.

driving time, such that lane departures increased by 7% with every 5-min of driving'*. Using the same on-road/
track study design, driving performance in shift workers (aged 19-65 years) was significantly impaired following
a night shift relative to a night of ‘normal’ sleep. Post-night shift drives had significantly more near-crash events
(37.5% vs. 0%) or were terminated early for safety reasons (43.8% vs. 0%), and had more lane deviations and
ocular indices of drowsiness®. As reflected in this study, younger and older individuals are approximately equally
involved in shift work. For instance, in Australia 34.9% of shift workers are younger adults aged 20-34 years
old, while 39.3% of shift workers are aged 55 years old and over'®, and in the United States 16.6% are younger
(aged 25-34 years old), while 12.8% are older (aged 55 years old and over)". Understanding and quantifying
the impact of sleep loss on driving performance and crash risk is equally important for both younger and older
drivers, particularly those still involved in occupations involving sleep loss (e.g., shift work).

Relative to younger drivers however, there is a lack of research examining the effect of sleep loss on older
drivers, particularly using real on-road driving outcomes. Laboratory studies suggest that compared to younger
adults, older adults are resilient to the effects of sleep loss, as they show smaller performance decrements on
sustained attention tasks''"'%, and less physiological sleepiness as exhibited by slow eye movements'!. Driv-
ing simulator studies have revealed similar results with older drivers showing less drowsiness-related driving
impairment compared to younger drivers?*-?2. While older adults appear to better tolerate sleep deprivation!,
it is important to note that that they are still impaired by sleep loss, relative to themselves when well-rested. For
example, older drivers (aged 52-74 years) had significantly more lane departures and reported greater subjective
sleepiness during a simulated drive following sleep restriction™, compared to when well-rested. Additionally,
older adults (65-76 years) had a slower mean reaction time and a greater number of PVT lapses during sleep
deprivation, relative to when well-rested'’. As older drivers represent a significant proportion of road users (e.g.,
almost half of all road users are older than 50 years*), there is a critical need to extend these laboratory findings
to an on-road driving environment to better understand and quantify the impact of sleep loss on real-driving
outcomes, in both younger and older drivers in order to design appropriate interventions.

We therefore examined the impact of age on driving performance and physiological measures of drowsiness
following a single night without sleep in younger and older drivers during an on-road driving task emulating a
naturalistic driving environment. Taking into consideration road usage and likelihood of remaining awake over-
night (e.g., shift work), we focussed our study on drivers aged 20-35 years (‘younger’) and those aged 50-65 years
(‘older’). We hypothesised that younger adults would show greater driving impairment and physiological drowsi-
ness following sleep loss compared to older adults. We also hypothesised that older adults would not be resilient
to sleep loss but would instead show increased driving impairment and physiological drowsiness relative to when
they were well-rested. To test these hypotheses, sixteen younger and seventeen older drivers were recruited to
undertake two 2 h driving sessions around a closed track loop in an instrumented vehicle—a well-rested (WR)
condition for one drive after a full night of sleep, and one following 29 h of total sleep deprivation (TSD).

Results

Sixteen younger adults and seventeen older adults completed the study. Demographics for each group are shown
in Table 1. As expected, the groups differed in age and years of driving, but was not significantly different in
subjective sleep questionnaires, sex distribution and oxygen desaturation index (ODI). To ensure participants
were well-rested prior to participating in each condition, they were required to maintain an 8:16 sleep/wake
schedule in the week preceding the drive. As displayed in Table 2, participants maintained their 8 h time in bed
prior to both visits. While older adults slept on average 46 min less than younger adults in the week prior to the
TSD condition (p=0.017), there was no difference in the WR condition (p=0.918), nor for the night prior to
the drive in either the sleep deprived (p=0.171) or well-rested (p=0.454) condition.

Driving events. Lane deviations. Lane deviations are shown in Fig. 1a,b and Table 3. Following TSD, the
rate of lane deviations per 15 min was 5.5 x greater than WR (95% CI 2.65, 11.38, p<0.001) across both age
groups. There was no significant effect of age (95% CI 0.16, 2.95 p=0.113), however, sleep deprived younger
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Condition Variable Younger adults | Older adults | p value
Time in bed (h) 8.17 (0.25) 8.02 (0.17) 0.081
Total sleep time (h) 6.32 (1.03) 6.37 (0.90) 0.918

Well rested SOL (min) 24.55 (19.77) 10.07 (10.25) | 0.022
Sleep efficiency (%) | 77.61 (13.68) 79.39 (11.77) | 0.715
WASO (min) 68.85 (37.21) 78.05 (53.23) | 0.601
Time in bed (h) 8.30 (0.75) 8.05(0.28) 0.229
Total sleep time (h) 7.15 (0.77) 6.42 (0.28) 0.017

Sleep deprived | SOL (min) 15.56 (16.91) 19.24 (29.62) | 0.677
Sleep efficiency (%) | 85.65 (5.85) 79.83 (9.42) 0.050
'WASO (min) 44.95 (15.39) 65.41 (36.16) | 0.052

Table 2. Sleep parameters in the week preceding the on-road track study for younger and older drivers. SOL
sleep onset latency, WASO wake after sleep onset. Mean (SD) shown.
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Figure 1. (a) Mean + standard errors across driving duration by condition and age group (dashed line = well-
rested; solid line =sleep deprived; blue =younger adults; red = older adults), for number of lane deviations per
15-min. (b) Individual and group data for lane deviations/15 min across the whole drive showing interactions
between age and condition. (¢) Cumulative histogram of 11 adverse driving events in the younger adult group
(blue) and three adverse driving events in the older adult group (red) across time in each condition. (d) Kaplan-
Meier survival curve of the nine drive terminations in the younger adult group and three drive terminations in
the older adult group across time in each condition. Instructor interventions and drive terminations occurred
only in the sleep-deprived drives. **p,4;<0.001, *p,4;<0.05. False discovery rate corrections were used.
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Well rested Sleep deprived Significance values

Younger adults | Older adults Younger adults | Older adults Conditi Age Condition x Age
KSS score 3.43 (1.57) 3.60(1.72) 7.10 (1.74)* 6.55 (1.28)* <0.001 0551 0.185
LFA score 4.48 (0.68) 4.74 (0.37) 3.19(0.84)* 3.89 (0.85)* <0.001 0.001 | 0.144
(Brlr:lsli( duration 163.21 (29.27) 195.47 (89.89) 240,66 (99.18)* | 213.29 (119.75) 0.003 0.923 0.038
Blink rate (count/
min) 15.19 (6.72) 13.36 (10.00) 17.04 (10.17) 13.21 (9.87) 0.551 0.268 | 0.360
(thﬁc) duration 1108.44 (323.47) | 1041.26 (212.84) | 963.47(207.30) | 1057.70 (203.00) | 0.153 0.800 | 0.065
LEC rate 4.43 (4.66) 5.05 (9.91) 14.63 (16.65) 7.20 (10.52) 0.007 0.096 | 0.076
(count/15 min) AL e - : - - ’ - :
PERCLOS (%) 3.17(1.72) 3.51(2.87) 548 (3.42)* 3.85 (2.66) 0.003 0.4370.033
LD rate 0.22 (0.38) 0.16 (0.42) 247 (2.31)* 0.60 (0.76)* 0.001 0.1130.278
(count/15 min) ) : ) : . ) . ) <0 I
Near-crash events | 0 (0%) 0(0%) 10 (62.50%)* 3(17.65%)* <0.001 0.013 | n/a
g;i:;e termina- | oz 0(0%) 9(56.25%)* 3(17.65%)* <0.001 0.071 | n/a

Table 3. Subjective sleepiness, ocular indices of drowsiness, and driving performance variables in well-rested
and sleep-deprived condition, for younger and older drivers. *Sig comparison compared to well-rested with an
alpha of .01 or less. n.s. p>0.1. Mean (SD) shown. KSS Karolinska Sleepiness Scale, LFA likelihood of falling
asleep, LEC long eye closure, PERCLOS % time eyes are >80% closed in a minute, LD lane deviation, n/a no
interaction examined with Fisher’s exact test.

drivers had 3.11 x more lane deviations relative to sleep deprived older drivers. While there was no significant
interaction between age and condition (p=0.278), this was likely due to both groups being impaired follow-
ing TSD: younger adults had 7.37 x more lane deviations after TSD compared with WR (95% CI 2.80, 19.67,
p<0.001) whereas older adults had 3.5x more than WR (95% CI 1.35, 8.97, p=0.010). Adding time into the
model found an effect of drive duration with the rate of lane deviations per 15 min increasing across the drive
(p=0.025). Results for three-way significant values (with time included) are shown in Supplementary Table 1,
and all post-hoc comparisons are shown in Supplementary Table 2 and Supplementary Table 3 for younger and
older drivers, respectively.

Near crash events. A total of 13 out of 33 sleep deprived drives required the driving instructor to administer
an emergency braking manoeuvre in response to a near-crash event to ensure the safety of the participant and
study staff, compared with zero of the well-rested drives (Fisher’s exact test: p <0.001), see Fig. 1c. There was an
effect of age, whereby of the 14 total near crash events, 11 (79%) were from the younger drivers and 3 (21%)
were from the older drivers (Fisher’s exact test: p=0.013). There was an interaction effect of condition and age,
as younger drivers had a greater amount (62.5%) of near crash events after TSD (Fisher’s exact test: p<0.001).
‘Whereas, older drivers were not impaired by TSD (Fisher’s exact test: p=0.227), with 17.6% of older drivers with
near crash events resulting in drive terminations.

Drive terminations. Twelve out of 33 TSD drives were prematurely terminated due to the driving instructor
deeming the participant unable to maintain safe control of the vehicle, compared with zero of the WR drives
(Fisher’s exact test: p<0.001), with nine terminations (75%) from the younger group, and three (25%) from
the older group (Fisher’s exact test: p=0.071) See Fig. 1d. We also observed an interaction between condition
and age, whereby drive terminations were significantly associated with condition for the younger drivers, but
not older the older drivers, i.e., 56.25% of younger drivers did not complete the 2 h TSD drive (Fisher’s exact
test: p=0.001), compared to 17.6% of older drivers who did not complete the 2 h TSD drive (Fisher’s exact test:
p=0.227). The median drive time was 102 min for younger drivers, i.e. 50% of younger adults were deemed
unsafe to drive after 102 min, while the median drive time for older drivers was 120 min (full drive).

Ocular indices of alertness.  Blink duration and blink rate. Ocular outcomes are shown in Table 3 and
Fig. 2. Blink duration was longer in the sleep-deprived drive compared to when well-rested (F; 5 =11.03,
p=0.003). While there was no main effect of age (F, ,,,=0.01, p=0.923), there was a significant interaction
between age and condition (F,,5=4.74, p=0.038), such that younger drivers had significantly longer blink
duration following sleep deprivation (p,4=0.028), which was not evident in the older drivers (p,4j=0.516) All
other comparisons were non-significant (p,y > 0.337). For the addition of time, blink duration also significantly
increased with drive duration (F; 3535,="7.36, p<0.001). See Supplementary Table 1 for three-way significance
values, and Supplementary Table 4 for all post-hoc tests. Blink duration is shown in Fig. 2a,b.

For blink rate per minute, we observed no significant effect of condition (F; 55,=0.10, p=0.751), age
(F(1.28y=1.33, p=0.258) or condition by age interaction (F; ;5=0.82, p=0.314). When time was added to the
model, we observed a main effect of drive duration for blink rate per minute (F( 53 )= 5.24, p <0.001). See
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Figure 2. (a) Mean+ SEM across driving duration by condition and age for blink duration. (b) Individual

and group data for blink duration across the whole drive showing interactions between age and condition.

(¢) Mean = SEM across driving duration by condition and age for LEC/15 min. (d) Individual and group data
for LEC/15 min across the whole drive showing age x condition interactions. (¢) Mean + SEM across driving
duration by condition and age group for PERCLOS. (f) Individual and group data for PERCLOS across the
whole drive showing age x condition interactions. Note: LEC long eye closure, PERCLOS % time eyes are 2 80%
closed in a minute. *p, ;< 0.05. False discovery rate corrections were used.

Supplementary Table 1 for three-way interaction significance values and Supplementary Table 5 for drive dura-
tion post-hoc tests.

Long eye closure duration and rate. We classified long eye closures (LEC) as blinks >500 ms. For LEC dura-
tion, there were no significant effects of condition (F, 55=2.16, p=0.153), age (F; »5 = 0.07, p=0.800), or condi-
tion x age interaction (F; ;= 3.69, p=0.065). When adding time into the model, there was a significant main
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effect of drive duration (F 39, )=2.70, p=0.010), such that the duration of LECs increased across the drive. See
Supplementary Table 1 for three-way interaction significance values and Supplementary Table 6 for all post-hoc
tests.

The number of LECs significantly increased in the TSD condition compared to the WR condition (F(; 55,=7.81,
P =0.007). There was no significant effect of age (F(; ,5)=2.87, p=0.096), and there was also no significant interac-
tion between age and condition (F, ,5)=3.27, p=0.076). Although almost reaching significance, our data suggest
that younger adults exhibit more LEC following SD compared to themselves when well-rested, and compared to
older adults when sleep deprived. When time was added to the model, LEC rate increased with drive duration
(F7237.7=4.92, p<0.001). LEC rate per 15 min is shown in Fig. 2¢,d. See Supplementary Table 1 for three-way
interaction values and Supplementary Table 7 for post-hoc tests.

PERCLOS. PERCLOS was higher in the sleep-deprived condition compared to when well-rested (F, 55 =10.89,
p=0.003).There was no significant effect of age (F, 55 =0.62, p=0.437), but there was a significant interaction
between age and condition (F; »5=5.04, p=0.033), such that younger adults had a significant increase in PER-
CLOS following sleep deprivation (p,q=0.011), which was not evident in the older adults (p,q=0.589) All other
comparisons were non-significant (p,g; >0.889). PERCLOS is shown in Fig. 2¢.f. With time added into the model,
PERCLOS increased with drive duration (F=7.23, p<0.001). See Supplementary Table 1 for three-way interac-
tion significance values and Supplementary Table 8 for post-hoc tests.

Subjective sleepiness and likelihood of falling asleep.  Subjective sleepiness was measured pre-drive
and every 15 min throughout the drive using the Karolinska Sleepiness Scale (KSS). KSS was significantly higher
during the sleep-deprived drive compared to well-rested (F;;;,=118.33, p<0.001).There was no effect of age
(F(1,51=0.37, p=0.551), nor any interaction between age and condition (F; 5;),=1.84, p=0.185). KSS is shown
in Table 3, Fig. 3a,b. With time added into the model, KSS exhibited an effect of drive duration (F; 1434 =7.38,
p<0.001), whereby KSS increased across the drive. See Supplementary Table 1 for three-way interaction signifi-
cance values and Supplementary Table 9 for post-hoc tests.

Participants reported increased likelihood of falling asleep (LFA) in the sleep-deprived drive compared to
when well-rested (F, 3;,=42.27, p<0.001). There was a main effect of age, such that younger drivers reported
greater LFA compared to older drivers (F, 5,)=11.94, p=0.001). There was no interaction between age and
condition (F3;)=2.19, p=0.144). LFA can be seen Table 3 and Fig. 3¢c,d. When time was added to the model,
a main effect of drive duration (Fig 46 4=5.38, p <0.001), with increasing likelihood of falling asleep across the
drive. See Supplementary Table 1 for three-way interaction significance values and Supplementary Table 10 for
post-hoc tests.

Discussion

We found a high risk of near-crash events and/or hazardous driving behaviour during on-road driving in both
younger (aged 21-33 years) and older (aged 50-65 years) drivers following one night of total sleep deprivation.
Younger drivers had more than three times as many near-crash and lane deviation events than older drivers after
sleep deprivation. Although both groups self-reported similar increases in subjective sleepiness and likelihood
of falling asleep, younger drivers displayed greater objective sleepiness while driving as indicated ocular-based
drowsiness indices. These findings suggest that greater vulnerability to the effects of sleep deprivation may con-
tribute to the well-established increased risk of drowsiness-related road crashes in younger drivers.

Following sleep deprivation, driver safety was more compromised for younger drivers relative to older drivers,
as reflected in both driving performance and physiological indices of sleepiness. Specifically, 62.5% of younger
drivers had near crash events and 56% did not complete the 2-h drive following sleep loss, compared to 17.6%
of older drivers. In addition, younger drivers had 3.5 x more lane departures, and increased blink duration and
PERCLOS relative to older drivers following one night without sleep. This enhanced vulnerability to drowsiness
in younger drivers is consistent with simulated driving outcomes, whereby younger adults had higher incidences
of lane departures compared to older drivers, when sleep was restricted to 5 h*. This suggests that these obser-
vations are robust to methodological considerations, including study design and driver age (i.e., our ‘younger’
group is slightly younger, while our ‘older’ group is slightly younger).

We found that our older drivers had 2.5 x the number of lane departures and reported greater subjective
sleepiness and increased likelihood of falling asleep when sleep deprived when compared with their well-rested
state. Importantly, this has not been reported in previous simulator studies of age-related vulnerability to drowsy
driving®!, where the focus is on comparisons between younger versus older drivers, rather than the effects of sleep
loss in older drivers, relative to themselves when well-rested. These findings have several important implications
for older drivers who may drive following periods of sleep deprivation, e.g., commuting home after a night shift
or night-time driving. Firstly, these observations likely apply to a significant number of road users. For instance,
in the Unites States, more than half of all road users are aged 20-35 or 50-65 years (25.6% and 26.7% of all road
users, respectively)®, which is similar to that reported in Australia (35.6% of road users are aged 20-40 years,
and 30.8% are 50-70 years®). Moreover, the majority (>70%) of individuals involved in shift work fall into these
age categories (34.9% of Australian shift workers are 20-35 years, while 43.6% are 45-65 years)'®. Secondly, any
increase in driving impairment represents a greater risk for older drivers, particularly those older than 65 years.
These drivers are at greater risk of fatal accidents per kilometre driven compared to all other drivers, except for
young novice drivers®, and are more likely to sustain a fatal injury in a motor vehicle crash due to a pre-existing
condition or frailty (playing a role in 50% of fatalities)””. As the risk of a sleep-related crashes is lower, yet the
consequence is much higher, future work should examine the risk of adverse driving outcomes in these indi-
viduals. Thirdly, by 2050 the number of people older than 60 years is projected to double from 2015%, resulting
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Figure 3. (a) Mean + SEM across driving duration by condition and age group for KSS. (b) Individual and
group data for KSS across the whole drive showing interactions between age and condition. (¢) Mean + SEM
across driving duration by condition and age group for LFA. (d) Individual and group data for LFA across the
whole drive showing interactions between age and condition. Note: dashed line =well-rested; solid line = sleep
deprived; blue = younger adults; red =older adults). KSS Karolinska Sleepiness Scale, LFA likelihood of falling
asleep. **p,4;<0.001, *p,4< 0.05. False discovery rate corrections were used.

in a greater number of older drivers on the roads. Strategies to reduce the number of motor vehicle crashes for
older drivers, including targeting sleep, is therefore important. Fourthly, with normative ageing, sleep loss can
interact with other factors such as sleep apnoea®°, cognitive decline®*?, or the use of medications®*, which
in turn may further impact driving behaviour. While our study specifically examined the effect of sleep loss on
driving performance in the absence of clinical impairment, the interaction between sleep loss and these comorbid
factors warrants further investigation.

Despite ocular metrics being a strong indicator of drowsiness**, only the younger adults demonstrated
increased ocular indices of drowsiness, including increased blink duration, LEC rate and PERCLOS during their
sleep-deprived drive. Sleep loss related increases in ocular metrics have been well described in young drivers',
and are reliable and sensitive measures of drowsiness related driving impairment in younger drivers®. In contrast,
in highly-controlled laboratory studies, older adults have shown a smaller increase in ocular ‘drowsy” metrics
and were less likely to fall asleep, consistent with our findings''. Given the notable shrinkage in sleep promoting
systems as a function of age”’, this finding is perhaps not unexpected. Despite this, our data and that of others,
should not be interpreted as ‘immunity’ to drowsiness-related impairment; our older drivers had 2.5 x more lane
departures following sleep loss, similar to a simulated driving study whereby older drivers performed worse
when sleep restricted compared to when well-rested?’. There are a number of interpretations for this observa-
tion. Firstly, large individual variability in ocular metrics*®, may account for the lack of significant finding in
this outcome. However, as individual variability is equally large for lane departures®®, this may not adequately
explain increased impairment, without comparable changes in eye closure parameters. Secondly, another form
or marker of sleep-related impairment may be responsible for these adverse driving outcomes. Although specula-
tive, one form of impairment may be enhanced distractibility. For instance, sleep loss is known to cause reduced
inhibition***® and increased distractibility", particularly while driving*?, and older adults are vulnerable to this
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form of impairment*. Moreover, older drivers are more vulnerable than younger to driver distraction when well-
rested™. It is therefore possible that this distractibility is exacerbated by sleep loss, explaining our observations;
However, future work should systematically examine this.

Fourteen out of 33 (42%) sleep deprived drives required instructor intervention (due to an impending safety
event), with 62.5% of younger adults and 17.6% of older adults experiencing a near-crash event. Overall, the
proportion of drivers experiencing near-crash events was comparable to that observed in our previous study of
night shift workers aged 19-65 years (42% and 37% respectively)®. The percentage of instructor interventions for
younger sleep-deprived drivers was noticeably higher, however. We also found increased drowsiness with drive
duration, which has been reported during on-road track studies?, on-road naturalistic night-time driving®, and
simulated driving tasks®. For both younger and older drivers, subjective reports of sleepiness and likelihood of
falling asleep started to increase between 15-30 min of driving, with ocular measures of drowsiness markedly
increasing after around 30 min of driving. For younger drivers, near-crash events began to occur after 15 min
of driving, while drive terminations began to occur 30 min into the drive, whereas for older drivers the first
termination was 67 min into the drive. These data suggest that for younger adults, the deterioration in driving
performance occurs eatlier than our previous work in shift workers, for which critical driving events occurring
after 45 min®. This may be due to a number of factors in our previous study of shift workers, including age (shift
workers were, on average 48.7 years), sleep duration/time awake (shift workers obtained, on average 0.4 h of
sleep), and time of day (morning drives compared to the ‘afternoon dip’). Our data therefore suggest that even
shorter commutes of 15-30 min or more are likely to increase risk of drowsiness-related crashes in very drowsy
younger drivers.

Our data should be interpreted with several caveats. Firstly, the study was conducted on a closed-circuit
track free from a number of hazards and other environmental cues found in the real-world, such as vehicle and
pedestrian traffic, billboard signs and advertisements, and rumble strips to which drivers would usually respond
to and interact with. We note however, that the track used did include give way intersections, traffic lights, and
railroad signs to mimic a naturalistic driving setting as closely as possible without risking driver and public
safety; these features are typically not present in closed loop driving studies. Second, the presence of the study
team and equipment may have increased driver alertness and awareness of alertness, compared to a drive without
observation®'*. Third, the differential effect of sleep loss for older adults may be neurobiological in nature, or it
may be due to their driving experience (e.g., spanning decades, rather than years). We are unable to disentangle
these mechanisms, but these findings remain relevant to road users in terms of chronological age and experience.
Fourth, as our drive sessions were scheduled by time since wake, our older group may have been tested at an
earlier part of their biological day, further away in time from any circadian vulnerability in afternoon alertness
(e.g., ‘post-lunch dip). However, as no differences were observed in the groups during the well-rested drives, and
as circadian-related differences in performance between older and younger adults are less apparent in the first
half the day®, (when our study was conducted), we suspect this impact to be minimal. Fifth, we did not include
EEG data in our analysis, and so are unable to accurately determine the extent to which our drivers fell asleep
at the wheel. Despite this, ocular parameters reflect fluctuating sleepiness levels due to central nervous system
changes*”*, and are associated with poor driving outcomes'. Finally, participants were asked to report their
level of sleepiness and likelihood of falling asleep every 15 min during the drive, which may have a brief alerting
effect persisting up to 2 min*’, and resulted in increased introspection. The driving session was also interrupted
approximately every 30 min (a total of three times) for a short break of approximately one minute to administer
a driver questionnaire. Despite these limitations, these confounds were consistent across both age groups and
conditions, and the methodology we used is as close to real-life driving as is safely possible and provides the
highest level of evidence for sleep-related driving impairment following total sleep loss. A major strength of our
study is the use of highly advanced and validated eye tracking technology to monitor oculometrics throughout
the drive. We were able to continuously monitor oculometrics throughout the drive, using Seeing Machines’
driver monitoring system (DMS; Seeing Machines, Canberra, Australia), a technology used in other naturalistic
driving studies™!. We also had strict eligibility criteria to ensure that those with health conditions that might
impact sleep, such as sleep apnoea, were excluded from the study, ensuring any impairment was a direct result
from sleep loss. Given the potential sex differences in response to sleep loss®, we also ensured our groups were
balanced for sex. Future work should examine the extent to which this is also evident for driving impairment,
and how this might interact with age.

Despite the increased risk of motor vehicle crashes associated with drowsiness, many drivers report driving
when sleepy®. Using an instrumented vehicle around a closed track designed to mimic naturalistic driving, we
provide critical evidence of age-related vulnerability to driving impairment following sleep loss. We replicate
and expand previous studies showing the enhanced vulnerability of younger drivers, compared to older drivers.
Importantly, we observed deterioration in driving performance and increased ocular measures of drowsiness after
just 15 min of driving in younger drivers, following one night without sleep, indicating that even short commutes
while sleep-deprived increases risk of a drowsiness-related motor vehicle crash. Although older adults better
tolerated sleep deprivation while driving compared to the younger group, they still demonstrated drowsiness and
driving impairment following sleep deprivation that could be further exacerbated by other health conditions that
are more common in older adults (e.g. sleep apnoea). Given the lack of change in ocular measures (e.g., blink
parameters, PERCLOS), it is likely that other aspects of sleep-related impairment play a causal role, and future
research should examine alternative measures of drowsiness, such as distraction®! or altered gaze allocation™.
With the growing number of ocular-based fatigue detection devices available, our data suggest that capturing
both distraction and fall asleep events may benefit drivers of varying ages. Future research should focus on tar-
geted intervention strategies (such as the graduated driver licensing law for with a night curfew introduced in
Massachusetts, which led to a reduction in crashes for young drivers®?) for these differentially vulnerable groups
to help reduce the number of drowsiness-related motor vehicle crashes and overall road death toll**.
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Methodology
Participants. Sixteen young adults aged 21-33 years (M =24.26, SD=3.14, 9 males) and seventeen older
adults aged 50-65 years (M =57.31, SD=5.17, 9 males) were recruited through community advertising. Our
sample represented ‘younger’ and ‘older’ adults of working age who were regular drivers and free from physical
and cognitive decline. All participants held a valid Australian or international driver license for a minimum
of three years and drove more than 100 km per week. Participants reported a habitual sleep duration of 7-9 h,
habitual sleep times between 22:00 and 01:00 and wake times between 06:00 and 09:00 and did not nap more
than once a week. Participants had no history of medical, psychiatric or sleep disorders, were not currently tak-
ing medication, did not have any visual impairment not corrected by lenses, were not colour blind, consumed
less than 300 mg of caffeine a day and less than 14 standard alcoholic drinks per week, were non-smokers
and non-shift workers, and had not travelled across two time zones in the past three months. Female partici-
pants were not pregnant, breastfeeding, or using hormonal contraception. Participants were screened for car-
diovascular abnormalities with an electrocardiogram and were screened for obstructive sleep apnoea (defined
as an ODI4% > 5) via one night of at-home respiratory monitoring using the ApneaLink (ResMed Corporation,
Poway, CA, USA). Participants were screened for history of Axis 1 psychological symptoms or disorders with the
Structured Clinical Interview for DSM-5%, Older adults completed a neuropsychological test battery consisting
of the California Verbal Learning Test (CVLT)*, Comprehensive Trail Making Test (CTMT)*, WAIS-IV Digit
Span®®, National Adult Reading Test (NART)* and Mini-Mental State Examination (MMSE)® to ensure they
were free from neurocognitive impairment, defined as scores < 1.5 SD below age-matched norms for the CVLT,
CTMT and WAIS-1V Digit Span, or a MMSE score of <24.

Participants provided written informed consent and were reimbursed for their time. The study was conducted
in accordance with the Declaration of Helsinki and approved by the Monash University Human Research Ethics
Committee.

Procedure. Each participant underwent two 2 h driving sessions in an instrumented vehicle around a closed
driving track (one after a night of normal sleep with 8 h time in bed, one following 29 h sleep deprivation) in
a counterbalanced order, with a minimum one-week interval between sessions. To ensure that all participants
were well-rested prior to admission to the study, participants maintained a self-selected fixed 8:16 h sleep:wake
schedule for one week at home. Adherence was monitored by wrist actigraphy (Actiwatch 2, Phillips Respironics,
USA), and time-stamped call-ins to the laboratory at bed and wake time. Participants were required to abstain
from the consumption of caffeine, alcohol, nicotine, and over the counter, prescription or recreational drugs for
24 h prior to admission to the laboratory, confirmed by urine toxicology and a breathalyser test.

The night prior to the sleep-deprived driving session, participants stayed at the Monash University Sleep
and Circadian Laboratory, Melbourne, where they were monitored by staff to ensure they remained awake.
Participants were transported to the driving track and monitored en-route to ensure they remained awake dur-
ing transport. The drive sessions began 5 h post-wake for the well-rested condition, and 29 h post-wake for the
sleep-deprivation condition, beginning between 11:00 and 14:00. Drives times were the same within-participant
(+ 15 min) to control for any circadian variation in drive performance across the two conditions. All drives were
completed in an automatic transmission Honda Jazz equipped with Seeing Machines’ driver monitoring system
(DMS; Seeing Machines, Canberra, Australia), and a forward-facing camera (BlackVue, Pittasoft, Gyeonggi-do,
Republic of Korea). A qualified driving instructor (R.W. or D.S.) who was blinded to the conditions of the study
accompanied the participant to monitor safety and provide intervention (classified as a near-crash event) if there
was a risk of collision, while a study technician sat in the back seat to regularly assess subjective sleepiness. Each
drive was conducted on a closed track loop with both straight and curved sections, red light intersections, and
a give-way turn. All participants completed the same driving route in both conditions. Prior to commencing
the drives, participants were instructed to obey all speed limits, road signs, and follow all road rules, and then
completed three practice laps to orient them to the track and study vehicle, before commencing the 2 h drive.
Every 30 min of the drive, the participants were asked to put the car in park, and to complete the Sleepiness
Symptoms Questionnaire. Driving sessions were completed in all weather conditions.

Driving impairment. A lane deviation was defined as at least two wheels crossing over the left or right lane
markings”’. Lane deviations were recorded by the driving instructor (R.-W. or D.S.) during the drive. In addi-
tion, two scorers who were blinded to condition and age group (A.C. and B.S.) reviewed forward facing cam-
era footage of each drive for lane deviations. A lane departure event was included when a lane departure was
independently scored by two out of three scorers. An adverse driving event occurred when the instructor had
to intervene to maintain control of the vehicle. Drives were terminated when the driving instructor deemed the
participant too drowsy to maintain safe control of the vehicle.

Oculography. Ocular parameters such as eye-opening percentage were measured by monitoring eyelid and
pupil movements via the Seeing Machines’ DMS. The driver facing camera was mounted to the top of the steer-
ing wheel mount, directly in front of the driver. The angle of the steering wheel mount was consistent throughout
the study. Continuous eye-opening percentage was recorded throughout the entirety of the drive. As most eye
tracking technologies are validated in young healthy populations*"2, it is unclear whether these technologies
are appropriate for older adults, due to age-related ptosis (i.e., drooping of the upper eyelid) which will alter
the eye aperture and potentially impact on blink calculations. Given this, we conducted extensive analysis and
visual inspection of video footage to determine the ideal criterion to characterise blinks across our sample, and
are confident our criteria and the criteria used in previous studies®® resulted in accurate blink characteristics
for older adults. An eye blink was defined as the occurrence of an eye closing to below 50% (eye closing phase),
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followed by a closure to <20% (eye closed), then reopening to at least 50% (reopening phase)**. The time (msec)
from the eye closing phase to the eye-opening phase was taken as blink duration®. As well rested blinks are typi-
cally 100-500 ms*, we classified long eye closures (LECs) as any blinks greater than 500 ms in duration. Finally,
the percentage of time the eyes were closed (<20%) per minute (PERCLOS) was measured using the continuous
eye-opening percentage® .

Subjective sleepiness.  Participants verbally completed the Karolinska Sleepiness Scale (KSS) and the Likelihood
of Falling Asleep Scale (LFA) prior to starting the drive (baseline), and every 15 min throughout the drive. The
KSS requires participants to verbally rate their level of sleepiness in the past 5 min on a 9-point scale, ranging
from 1—Extremely Alert, to 9—Extremely Sleepy®®. The LFA requires participants to verbally rate the likelihood
of them falling asleep in the next 5 min on a 5-point scale, ranging from 1—Very Likely, to 5—Very Unlikely®.

Data analysis. We examined the impact of condition and age on driving performance, ocular measures of
drowsiness, and subjective sleepiness in a two-drive condition (well rested; sleep deprived) by two-age group
(young drivers; older drivers) model where participant was modelled as the random factor. We report the results
of this 2 x 2 between-within subjects analysis, however, we have also repeated these analyses incorporating the
effect of time on task. Time was treated as a discrete variable (eight by 15 min driving blocks). These three-way
interaction results are reported in Supplementary Table 1. LFA ratings were transformed using a reflect and
square root function (Vk+ 1-n) to normalise data and improve negative skew. Blink duration and LEC rate was
transformed using a logarithm function to normalise the data. PERCLOS and LEC duration were transformed
using a square root function (Vi+(Vn+1)) to normalise data.

Missing data.  Some driving sessions were terminated early, resulting in missing data. This missing data is not
random, as the drives were terminated when the instructor deemed the participant unable maintain control
of the vehicle, which may yield a potential survivor effect. Due to this, missing data was imputed by using the
last value carried forward technique (data for a missing 15-min driving block was replaced with data from
the preceding 15-min block for that participant)*!*. This technique resulted in the conservation of 28 15-min
blocks, ~ 6% of the total 480 observations (8-time bins x 30 participants x 2 conditions). This imputed data was
then used to conduct additional analyses involving condition, age and time (Supplementary Table 1). In addi-
tion, forward facing camera footage was not collected for two drives, therefore lane deviations were scored for 64
out of 66 drives. Ocular data was not collected in N=2 young adults, and N=1 older adult, due to incorrect posi-
tioning of the driver or driving seat in relation to the driver facing camera resulting in the driver’s head and eyes
being out of frame for the majority of the drive, or the camera tracking incorrectly onto the glare of the driver’s
glasses. Therefore, all ocular data is reported for N=14 young adults, and N =16 older adults. Additionally, while
the DMS allows for the collection of binocular data, monocular data was taken from the right eye only for N=5
older adults, due to inaccurate tracking of the left eye, as verified by visual inspection of the driver facing footage.

Statistical analysis. Raw data was processed using R (RStudio 1.1.463, Inc., Boston, MA, USA) to calculate
the ocular parameters. All statistical analyses were conducted using SPSS 25 (IBM Corp, Armonk, NY).

Based on the observed mean differences in comparable study, which demonstrated medium effect sizes for
lane departure (f=0.36)*" outcomes when examining the interaction between sleep loss and age, we had 97%
power to detect a medium effect size in lane departure outcomes with N =33, using a between-within mixed
model analysis. For ocular metrics, we used effect sizes from a laboratory-based study assessing the interaction
between sleep loss and age, which demonstrated medium effect sizes for slow eye movements (f=0.35)"". We
had 97% power to detect a medium effect size in ocular outcomes with N =33, using a between-within mixed
model analysis.

To examine the effect of sleep loss and age on subjective sleepiness (KSS and LFA), and ocular measures of
drowsiness, linear mixed model (LMM) analysis was used. Fixed effects of condition (well-rested and sleep-
deprived) and age group (younger adults and older adults) were included in the model, including the interaction
term. Participant was modelled as the random factor. For all LMM analyses, the covariance structure that yielded
the lowest Schwarz Bayesian Criterion (BIC) was used™. For blink duration, blink rate, LEC duration, LEC rate,
PERCLOS, KSS and LFA, a compound symmetry covariance structure was used. Post-hoc pairwise compari-
sons for interactions were conducted using a false discovery rate (FDR) comparison to control for familywise
error’”2. Adjusted p values (p,) are reported using the FDR “g” adjusted significance value for all post-hoc
tests. As drive duration can interact with sleep loss, we added time into these models as supplementary data
only (see Supplementary Table 1). For models including time, we used the last carried forward value method™'*
where the drive was terminated early.

Repeated measures Poisson regression was used to examine the effect of condition and age on rates of lane
departure events. A contingency table analysis of Fisher’s exact test was used to examine the effect of condition
and age group on near crash events and drive terminations. Kaplan-Meier survival curve was fitted to compare
probability of drive survival in each age group and condition.

Ethical approval. The study was conducted in accordance with the Declaration of Helsinki and approved by
Monash University Human Research Ethics Committee.
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CHAPTER 4

| think | 0Om séanmeiepy,
Awareness of sleepiness while driving:

systematic review

This chapter constitutes a manuscript reprinted f&d@ep Medicine Reviews:

Cai, AWT.*, Manousakis, J. E, Lo, TY., Horne, J. A., Howard, M. E., & Anderson, C. (2021). |
think 1 6m sl e é&Awgreness ¢f Sleepifiessr\hile IDriviagmA Systematic Review.
Sleep Medicine Reviews01533.
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Preface to Chapter4

s reviewed inChapter 1, sleep lossmpacts both subjective and objective signs of

sleepiness. Measures of subjective sleepiness such as the Karolinska Sleepiness Scale

(KSS) (Akerstedt & Gillberg, 199Q)as well as others, are often used alongside
physiological measures of drowsiness such as EEG alpha/theta afitoilyard et al., 2014;
Kecklund & Akerstedt, 1993nd driving impairment such as lane deviations and hazardous driving
eventgHallvig et al, 2014; Sandberg et al., 201$5}udies 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 predictiveityapiasubjective measures on
objective outcomedAs we identified ocular and driving impairment variables sensitive to sleep loss
in Chapter 3, wewere therninterested irestablishinghe associations between subjective sleepiness
and these objective aadmes While we identified that both younger and older adults have impaired
driving and increased subjective sleepinegShapter 3, we sought teystematically review existing
data on awareness of sleepiness while driving, be&foigarking on an experimt&l study to better
understand thesassociationsin 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 symatic 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 impairm€hntapter 4 comprises an article published

in Sleep Medicine Reviewsubmitted in March 2021, and accepted in August 2021.
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Driver drowsiness contributes to 10—20% of motor vehicle crashes. To reduce crash risk, ideally drivers
would be aware of the drowsy state and cease driving. The extent to which drivers can accurately identify
sleepiness remains under much debate. We systematically examined whether individuals are aware of
sleepiness while driving, and whether this accurately reflects driving impairment, using meta-analyses
and narrative review. Within this scope, there is high variability in measures of subjective sleepiness,
driving performance and physiologically-derived drowsiness, and statistical analyses. Thirty-four simu-
lated/naturalistic driving studies were reviewed. To summarise, drivers were aware of sleepiness, and

Keywords: . . . . . . . . :

Dr)(;wsiness this was associated to physiological drowsiness and driving impairment, such that high levels of
Drowsy driving sleepiness significantly predicted crash events and lane deviations. Subjective sleepiness was more
Sleepiness strongly correlated (i) with physiological drowsiness compared to driving outcomes; (ii) under simulated

Subjective sleepiness
Objective sleepiness
Driving performance

driving conditions compared to naturalistic drives; and (iii) when examined using the Karolinska
sleepiness scale (KSS) compared to other measures. Gaps remain in relation to how age, sex, and varying
degrees of sleep loss may influence this association. This review provides evidence that drivers are aware
of drowsiness while driving, and stopping driving when feeling ‘sleepy’ may significantly reduce crash
risk.

© 2021 Elsevier Ltd. All rights reserved.

Introduction commercial drivers, and the introduction of laws to prosecute, and

therefore deter, dangerous driving due to drowsiness [6]. The suc-

Driving while drowsy contributes up to 20% of all motor vehicle
crashes worldwide, and is a significant risk factor for serious or fatal
injuries sustained to the driver and other road users [1-5]. This
impaired state, also referred to as driver sleepiness and driver fa-
tigue (see box 1), is caused by driving following insufficient sleep.
Drowsy driving crashes are preventable, and several strategies have
been developed and implemented to reduce the incidence of these
crashes. These strategies include public education campaigns, the
development of drowsiness detection technologies, hours of ser-
vice regulations and occupational fatigue risk management for

* Corresponding author. Turner Institute of Brain and Mental Health, School of
Psychological Sciences, Monash University, Clayton, Victoria, 3800, Australia.
Fax: +61 (3) 9905 3948.

E-mail address: clare.anderson@monash.edu (C. Anderson).

1 Joint first authors.

https://doi.org/10.1016/j.smrv.2021.101533
1087-0792/@ 2021 Elsevier Ltd. All rights reserved.

cess of some these interventions has been variable however (e.g.,
[71), particularly among the general driving public, where many of
the technologies and interventions are not applicable [6]. Road
safety is a shared responsibility however, and all drivers should
ensure they are safe to drive. Within the context of drowsy driving,
ideally, a driver would have an awareness of their drowsiness level,
and cease driving and or utilise an appropriate countermeasure
when there is safe opportunity to do so. There appears little
consensus in the scientific community however as to whether
drivers are accurately aware of drowsiness while driving.

This lack of consensus can have major implications for legal
proceedings involving fall-asleep crashes, particularly in Australia,
where lack of awareness has been used as a defence [8]. In 1992 (in
Jiminez vs. the Queen), the Australian High Court ruled that ‘falling
asleep at the wheel’ was an involuntary act and therefore not
prosecutable by law. While falling asleep at the wheel is highly
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4.3. Methodology

Page P8













































































































































































































































































































































































































































