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1.0 Summary

This is a review of psychophysiological evidencevant to the problem of drowsy
drivers who “fall asleep at the wheel”. Althoughiderreaching, it is not an
exhaustive review. It does not include biochemaradl hormonal changes at sleep-
onset. If focuses rather on several points of vieat | believe are potentially
helpful, as well as others that have been trietthénpast and which | believe are not
very helpful. Several conceptual and methodoldgicablems are identified that are
impeding our progress in this field. They relatetigularly to the currently accepted
model of sleep and wakefulness, and to the dedimsti of sleep stages by
Rechtschafen and Kales (1968) that are quite instecto describe drowsiness as a
fluctuating state between alert wakefulness and Rg&dge-1 sleep.

An understanding of the anatomy, physiology, andsentents (both normal and
abnormal) of the eyes and eyelids can explain thele in intentional and
unintentional sleep-onset in a way that has not lokescribed before. The concept of
a microsleep, which is a brief period of stagedeplwith theta-waves dominating
the EEG, is useful but does not explain many egisoaf performance failure by
drowsy subjects. Many such “lapses” are associaidid alpha-waves in the EEG
when the eyes are open. These waves would norialblocked when the eyes are
open in an alert subject. The “lapses” evidentlyolve the impairment of visual
perception, especially at the periphery of the alidield, and an inability to maintain
attention. Most cognitive processes are sloweddoyvdrowsiness.

In the drowsy state, a driver who is striving taysawake can fall asleep with his
eyes open. This poses a potential problem for oakstiof monitoring drowsiness that
rely solely on the duration of eyelid closures diidks, such as PERCLOS. The
recognition of slow eye movements that are unigudé¢ drowsy state is a promising
new method. However, much more research is needed.



2.0Introduction

In order to understand and then to solve the probdé the drowsy driver who
crashes his vehicle because he has “fallen astabe avheel,” it is necessary first to
understand the whole process of falling asleep.sbarething we all do at least once
a day on average, and which is so important toheatth and well-being, there has
been relatively little research on falling asle@mpared with other aspects of sleep.
One cause of this neglect may be that we haveana h word for this process in the
English language. | introduced the term sleepeimirkP90 but that term has not been
widely recognised (Johns, 1990). Perhaps we igaomeething for which we do not
have a name. However, some other languages suEheash, Spanish and lItalian
have always had such a word.

In this review | have not outlined the evidencet thlaows how important drowsy
driving is as a public health and safety issuetThassumed. Rather, | have gathered
the evidence that relates to the problem of how toeassess the behavioural state of
an active person such as a truck driver who intéodgay alert so that he can drive
safely, but whose drowsiness varies involuntarilgpng a continuum of states
between alert wakefulness and sleep. This has beeobjective of a variety of
researchers for at least 25 years. Many would ateo@s | do, that we need new
methods and a device for monitoring some driverh sas long-haul truck drivers,
particularly those driving at night. However, e methods would potentially be
much more widely applicable among other driversywal as aeroplane pilots, train
drivers, ship’s captains and sedentary industrakers.

3.0Current Problems with the Assessment of Drowsinesn Drivers.

The fact that there is no monitoring device comiedisc available yet to monitor
drowsiness is testament to the difficulties involv&here are several important
conceptual and methodological problems that hawebeen adequately addressed
and which, in my opinion, are impeding our progrefhe major problems are
summarised below.

3.1 The conceptual framework that is needed to nstaled sleepening is currently
very muddled (Johns, 1998) (see appendix). Thecenfusion among such terms as
sleepiness, drowsiness and fatigue. This is dupait to the fact that separate
research disciplines have investigated these prableom different points of view
that are not entirely compatible. The distinctiatvieen drowsiness and fatigue is
discussed further in Section 4.0.

3.2 There have been rapid improvements in our wtaeding of sleep and its
disorders over the past few years, particularlycesipolysomnography (overnight
sleep monitoring) became readily available for irmitclinical use, not just for
research. This produced a focus of interest on whatmight call intentional

sleepening that involves lying down purposely il lvéth the intention of sleeping.
An important review of intentional sleep onset byil@e (2001) appeared after this
report was drafted. It has been assumed by sonm@Eep#mat intentional sleeping is
the same as unintentional sleepening, as can edule sitting and watching TV or
driving a vehicle. There are important differenaswe shall see.

3.3 The definitions of sleep stages by Rechtschadfed Kales (1968), called R&K
stages hereafter, were based on the electroencgpaiad (EEG), the electo-
oculogram (EOG) and the electromyogram (EMG), aretewalmost universally



adopted by sleep researchers after 1968. Theylee very useful for assessing the
structure of a night's sleep, particularly from tpeint of view of the differences
between REM and non-REM sleep. However, by the Rééfinitions, stage-1
follows wakefulness. Consequently, many people tmeen led to believe that sleep
onset begins with Stage-1. Brief periods with dh@aves in the EEG that may only
last for a few seconds have been called microsle®pishin the conceptual
framework of the R&K definitions an EEG dominatey &lpha-waves shows the
subject to be awake, and there is assumed to b®regdichotomy between being
awake and being asleep. This is far from true, ashall see. For example, slow or
rolling eyes movements (SEMs) usually begin in dnewsy state several minutes
before R&K stage-1sleep. | agree with Ogilvie (20@those work is so important in
this area of sleep research, that wakefulness laeg sre separated by a sleep onset
period (SOP) that involves a continuum of drowsatest, not a single or unvarying
state. In the context of the drowsy driver, we anere interested in when
wakefulness that is compatible with safe drivingerather than when sleep begins.

3.4 The objective assessment of sleepiness, inghge of sleep propensity, has been
dominated for more than 20 years by the Multipleepl Latency Test (MSLT) which
the American Sleep Disorders Association (later Almeerican Academy of Sleep
Medicine) has endorsed (Thorpy, 1992). Sleep & &abegin in the MSLT with the
first 30 sec of R&K stage-1 or any other sleep stadntil then, the subject is said to
be awake. The MSLT has been promoted as a testsobpect's general level of
sleepiness, not just of sleepiness in the partidekst situation (Chervin et al, 1995).
This is has led many people to believe that themségep-onset latency in the MSLT
is an accurate measure of a subject’'s sleepinessiiy life, including sleepiness
while driving. This belief is based on an assumptioat | have argued against and
which | believe is wrong (Johns, 2000c). There vi@dence that the mean sleep
latency in the MSLT is but one of many situatioskep propensities. Each has one
component that is specific to the test situatiod another that is specific to the
subject’'s response to that situation. In fact, s@sents of the sensitivity and
specificity of different methods for measuring glieess have shown that responses
to a questionnaire, the Epworth Sleepiness Scedemare accurate than the MSLT
in distinguishing the long-term excessive daytineeginess of narcoleptics from the
sleepiness of normal subjects (Johns, 2000a).d o shown that a subject’s sleep
propensity measured in one situation cannot bedelpon as an accurate predictor
of sleepiness measured in a different situatiomr{dp1994; 2001). This is a reason
for believing that if a driver’s drowsiness is te Ineasured at all, it should be
monitored continuously, not just measured at dtiinees when he is not driving.

3.5 For more than a decade the most widely acceptet®| of sleep and wakefulness
has been that of Borbély and his colleagues (Bgréghl, 1989). This involves two

independent processes, called process-C and prBceBsocess-C provides a
circadian influence on sleepiness (i.e. of slegpensity). The phase of the intrinsic
rhythm of its activity is set mainly by the timiraj daylight and dark, mediated by
the optic nerve and the suprachiasmatic nucleuvenhypothalamus. As a result,
melatonin is secreted by the pineal gland, begmrim the early evening and

continuing until about dawn. Process-S reflectsdtimation of prior wakefulness at

any particular time. It increases rapidly at fiestd then more slowly during the
period of wakefulness. It is discharged during jgleguickly at first, then slower.

While this model has been very useful, its promotidchas been such that other
important influences on sleepiness have been laigebred. | have attempted to
redress this situation by pointing out the addepartance of postural, behavioural
and situational influences on sleep propensity r{8pf1994; 2001). These are so
important that we cannot accurately measure slespinwithout reference to the



subject’s posture, activity and situation in whitlis being measured. | have called
this characteristic of a situation its somnific{iohns, 2001). In addition, there are
substantial differences in sleep propensity betwieelividual subjects under the
same circumstances that are not predicted eitbar frocesses-C or S, or from the
somnificity of the situation in which sleepiness rieeasured, or from any sleep
disorders such as obstructive sleep apnea or eg@plthat the subject may have.
These individual differences between subjects may partly inherited as a
psychophysiological trait. Because of such diffeemy data that enable fairly
accurate predictions of sleepiness at a partictilae to be made for groups of
subjects do not enable accurate predictions todmerfor individual subjects. | have
proposed a new 4-process model of sleep and walesfsithat addresses these issues
as no other model does (see Appendix).

3.6 Despite these difficulties, there are methodailable now that have been
available for the past 25 years for monitoring aetts sleepiness continuously.
However, they are for research rather than routses and have not been adequately
validated. Some that involve the attachment oftedeles to the driver to monitor the
EEG or EOG etc are unlikely ever to be acceptaimedutine use in the community.

| believe the most promising methods involve neehteques for monitoring eye and
eyelid movements. They have been the focus of mgnteresearch. However, as we
shall see, we simply do not yet know enough abpistoeles of “falling asleep at the
wheel” or of sleepening in general. More reseaschrgently needed. In particular,
we need an objectively measured scale that candeilhether or not a driver is alert
enough to drive safely at a particular time. Theesloe of such a scale is a major
impediment to our progress.

4.0 Some Definitions

It is very important that we define what we think are talking about in this context.
It is regrettable that many researchers in thikl fleave failed to do that, thereby
confusing themselves and others.

Drowsiness or the drowsy state is an intermedittte detween alert wakefulness
and sleep as defined electro-physiologically bygagern of brain waves (EEG), eye
movements (EOG) and muscle activity (EMG), typigat measured under the chin.
The level of drowsiness usually fluctuates in thewsby state. It begins before the
onset of Stage-1 sleep, but exactly at what panyét to be established. The
hypnagogic state is the same as the drowsy state.

The term sleepiness is used here in the senseeayf propensity, or the probability of
falling asleep at a particular time, i.e the chanoé making the transition from
wakefulness through the drowsy state and to Stagleep, whether or not sleep
progresses to other stages subsequently. By tlisitiie, sleepiness is neither a
state nor a process. It is analogous to a pos#tiong a continuum of arousal states
from alert wakefulness to sleep. Some researchens nefer to this as objective
sleepiness. That is because, for some purposef plepensity is measured by an
objective test such as the Multiple Sleep LatenegtTand some people confuse the
method of measurement with the nature of what isetaneasured. By contrast, the
Epworth Sleepiness Scale measures sleep propdnsisybjective reports (Johns,
1991). However, subjective sleepiness is differiti$,a measure of the presence and
intensity of a set of feelings and symptoms thabagpany the drowsy state. This can
be measured by self-reports, for example by theol¢mka Sleepiness Scale
(Akerstedt et al, 1990).



The term fatigue is used here in two senses, orgesdate involving the “subjective
experience of tiredness and a disinclination taiocoe performing the current task”,
as defined by Brown (1994). The second is as aegs® involving “those

determinable changes in the expression of an actwhich can be traced to the
continued exercise of that activity”, as defined Bgrtlett (1953). Or, put another
way, the changes in performance of a task relaietié duration of its continuous
performance. We should also distinguish physiolaigiar muscular fatigue from
mental fatigue. These concepts arose from the psygh of work and performance,
whereas sleepiness and drowsiness have arisen dratiiferent discipline, the

psychophysiological study of sleep. Unfortunatehgny people still equate fatigue
with sleepiness.

To help quantify sleepiness under different circtamses and within different time
frames, | have introduced some new terms, as feli@whns, 2000b):

Instantaneous Sleep propensity (ISP)a subject’'s sleep propensity at a particular
time and place. This can vary widely over periofiseconds to minutes depending
on the subject’s posture and activity, both physécad mental, the time of day, the
duration of prior wakefulness, the effects of stfiami or sedative drugs, and the
effects of sleep disorders such as obstructivepségmmea or narcolepsy. There are
important individual differences also that may beedrited. When normal people are
active, going about their usual daily activitidgit ISP will not be zero but it will be
less than the critical ISP at which sleepening fegHowever, many normal people
will reach their critical ISP when they sit dowhnight, relax and watch TV. If the
critical ISP is reached while driving, the driveillvdoze off or fall asleep, with the
potential for catastrophic consequences.

Situational Sleep Propensity (SSP)a subject’s usual or habitual sleep propensity
when in the same situation repeatedly. This depelndsome extent on the
somnificity of the situation in which it is measdret includes a learned component,
depending on the subject’'s response to that sitnafihis tends to remain fairly
constant over time. The MSLT measures one particB®P in terms of the mean
sleep onset latency in several naps under the smcugnstances.

Average Sleep Propensity (ISPl subject’'s average sleep propensity across a
variety of specified daily activities and situatiormhis remains fairly constant over
periods of months, if not years. The Epworth Sleeps Scale measures a subject’s
ASP. A subject with a chronically excessive ASP|w#nd to doze under
circumstances in which normal people usually do not

| have shown that a measurement of a subject’'s &S a particular SSP is not very
good as a predictor of his ISP in another situatexcept among the minority of
subjects such as severe narcoleptics who have taenety high ASP. We cannot
accurately predict the ISP of most people when #reydriving at a particular time
and place. However, such predictions are reasoraduayrate for groups of subjects
in whom the individual and situation-specific compats of their sleepiness are
averaged. This review is mainly concerned withlgf of an active individual, such
as a truck driver at work.



5.0 The Psychophysiology of Sleepening

Sleep onset involves a wide variety of physiolobarad psychological changes that
are anathema to safe driving. We can summarise rafithe relevant knowledge

about them under several headings. However, bioda¢mnd hormonal changes in
relation to sleep-onset are not included here. nTwae shall probably be in a better
position to consider various methods for assegsiagsiness in drivers.

5.1The EEG and Microsleeps

Changes in the EEG recorded continuously duringpsteave been the mainstay of
sleep research for more than 50 years. It is nadegriherefore, that the EEG should
be used to investigate sleepening.

When an alert subject closes his eyes the EEG elsazgd becomes dominated by
alpha-waves with a frequency of 8-12 Hz, partidylaat posterior (occipital)
electrode sites (Fig. 1b). However, not all sutjegenerate obvious alpha-waves
then. If sleepening progresses with the eyes clogbéd occipital alpha-waves are
joined or replaced by waves of similar or sligHtyer frequency (7-11 Hz) that are
generated more frontally and centrally, not atdbeiput. These are then relaced by
theta-waves (4-7 Hz). Initially the theta-wavesynrbe present in short bursts,
lasting only a few seconds, alternating with pesiad alpha-waves (Fig. 1c). Each
short period of theta-waves lasting 1-10 secsliedt@ microsleep. R&K stage-1 is
present when an epoch of the EEG (typically 2068tbrds) is made up of more than
50% of theta-waves (Fig. 2a). In fact, R&K stagéslalso characterised by low-
amplitude delta-waves (0.5-4.0 Hz). It is not Ltiie amplitude of the delta-waves
increases to greater than about 50 microvolt, geakeak, and their occurrence
increases, to be joined by spindles and K-completted R&K stage-2 is present
(Fig. 2b). Then the proportion of high-amplitudeltdevaves increases in R&K
stage-3, and further again in R&K stage-4. REMyslesolves the return of the EEG
to the R&K stage-1 pattern, but with the appearaiaapid eye movements and the
abolition of skeletal muscle tone as measured ley shbmental EMG (Fig. 2c¢).
Recordings are usually scored in the sleep labgratith epochs of 20 or 30 secs.
However, in the context of a rapidly fluctuatingpaisy state, much shorter epochs
are preferred. (e.g 5 sec). We shall not be coeckefarther with the sleep stages
after R&K stage-1.

The alpha-waves that appear when the eyes aredcisselly disappear as soon as
the eyes are opened. This disappearance is cifled blocking. However, in a very
drowsy subject, alpha-waves can appear in the EE@®nwhe eyes are open.
Alternatively, alpha waves may appear in an alebject whose eyes are open but
whose focus of attention has changed from the Visua non-visual mode e.g. doing
mental arithmetic or listening carefully to a corsation on a mobile phone. Under
those circumstances, alpha-blocking may mean eitiedr the subject has become
more drowsy again, with theta-waves and a micrgslee more persistent sleep
ensuing, or that he has become less drowsy (ment),abr alternatively that the
focus of his attention has changed back from threwigual to the visual mode, with
the waking pattern of the EEG appearing (low aragkt mixed frequencies). Thus,
the context within which alpha-waves appear inEB& and are then blocked is very
important for their interpretation, particularly ether the eyes are open or closed at
the time.
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Valley and Broughton (1983) were among the firstineestigate the EEG of the
drowsy state in detail. Their experimental subjestye patients suffering from

narcolepsy and chronic excessive sleepiness whe siging down, trying to keep

their eyes open while performing an auditory vigde test. The experimenters
subdivided Stage-1 sleep into two parts. StagenV8lved slowing of the dominant

frequency of the EEG by at least 1 Hz and the mesef a “fragmenting alpha
rhythm intermixed with a medium voltage, mixed fueqcy pattern” and with

“partial or definite slow rolling eye movements'taBe-1B was dominated by theta-
waves, with less than 20% of the time taken uplpliawaves, but with vertex sharp
waves and either slow rolling eye movements, dlelibr no ocular movement. The
subjects’ performance in responding as quickly essible to an auditory signal (a
buzzer) by pushing a button was impaired in Stayedmpared with the alert state,
with slower responses and more frequent lapses madthesponse, compared with
alert wakefulness. Their performance was much wagsen in Stage-1B when there
were few responses. Thus, performance was impairgae drowsy state even before
the occurrence of microsleeps with theta-wavedag&1B.

Hori and his colleagues (1994) pursued this EEGyaizain more detail. They

distinguished 9 “stages” (referred to here as lgeda between alert wakefulness
(with eyes closed) and sleep (Fig. 3). H-stagamdl? are equivalent to R&K -stage
0 (wakefulness). H-stages 3-8 are all part of R&tégse-1, and H-stage 9 is
equivalent to R&K stage-2. There is usually a sggadgression from one H-stage to
the next during intentional sleep onset. The tigleeh to push a button after an
auditory stimulus ( the response time) increasegrpssively with these H-stages
(Hori et al, 1991). By contrast, reports of visualagery (hypnagogic imagery)

increase in frequency from H-stage-1 to H-stagasb then decrease again in H-
stage-9 (Hori et al 1994). The relevance of Hoarslysis to drowsy driving is

uncertain because his subjects had intentionap sleset after lying down with their

eyes closed. In addition, eye movements were radtidied in Hori's analysis. The

use of an auditory stimulus to elicit a behaviouedponse, both in Hori’'s and in
Valley and Broughton’s experiments may not be r@ahvio the driving task which

relies mainly on visual, not auditory vigilance ésbelow). Nevertheless, Hori's

classification of EEG stages during the sleep opseibd represents a major step
forward in our knowledge.

Changes in the EEG during sleep onset have be@stigated by power spectrum
analysis with 1-Hz resolution using the Fast Faufimnsform (FFT) (Makeig et al

1993; Jung et al, 1997). The changes describedliysin the past with traditional

frequency bands (delta, theta, alpha, sigma, dedeg been refined in detail, but
otherwise confirmed. The spectral power of the E&Gll frequencies increases
progressively with prolonged wakefulness and sldeprivation. The ratio of the

spectral power of the EEG within the alpha freqyetamge (8-12 Hz) recorded from
anterior (frontal) electrode sites compared witlstpdor (occipital) sites, is a useful
new measure of a subject’s ISP (Hori et al, 1994).

The relationship between changes in the EEG amsetam performance, whether
during a psychomotor vigilance test or while adiudriving, is discussed in more
detail below.
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5.2 The EEG and Event Related Potentials (ERPS)

Event related potentials (ERPs) are representechbgges in the waveform of the
EEG that follow within about one second of an abgrtstimulus. Typically the
stimulus is either visual or auditory. The ERPs @ery small and go on within the
context of the background EEG pattern. They ararsépd from that background
activity by repetition of the stimulus many timesdathe averaging of responses.
Each wave is defined by its polarity (positive=R| aregative=N) and by its latency
of appearance after the stimulus (millisec). Orgital (1967) were among the first to
report changes in auditory evoked potentials dustegp onset. There are major
changes in the presence or absence of particukeesygheir amplitude and latency
of appearance after the stimulus. These changeslbeen interpreted as involving
changes in attention and in slowing of cognitivegassing.

However, those changes have usually involved anydéeoked potentials in subjects
who were falling asleep intentionally with theiresyclosed. While they are very
important in our understanding of sleepening inggah they are not entirely relevant
to someone driving a truck, struggling to stay asvaRf greater relevance are the
changes in visual evoked potentials reported inestd who were sleep-deprived
over a period of 40 hours and who were engagedviaual vigilance task every two

hours (Corsi-Cabrera et al, 1999). Their ERPs sldow progressive amplitude

reduction and an increase in latency for almosthedllate components as the period
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of wakefulness become longer. The changes wereslated with the subjects’
reaction times to visual stimuli and to impairedfpemance at a visual vigilance test.
| interpret these changes in ERPs during sleepidgjum as reflecting a general
slowing of all cognitive processes because of ame@sed sleep drive and/or a
decreased wake drive. However, the recording ofEEiRM0t something that can be
done easily on a driver in a moving vehicle. Indeeds difficult enough to record
any EEG, much less ERPs without movement artefadeiusuch circumstances (see
below). It is unlikely that the recording of ERPancbe used to monitor the
drowsiness of truck drivers routinely.

5.3Movements of the eyes and eyelids

Quite detailed discussions of the anatomy and plogy of the eyes and eyelids are
included here because they are so important iruadgrstanding of drowsiness. This
information has not been included before in othiscuksions of drowsy driving
despite the fact that many people, including méebe that movements of the eyes
and eyelids offer the greatest potential for a devio monitor drowsiness
continuously (Dinges et al, 1998).

5.3.1 Recording Methods

Movements of the eyes and eyelids can be recomlesveral ways. In the sleep
laboratory, the EOG has been the standard methddhs also been used for research
in some real-life situations, such as driving akr@Kecklund, et al 1993), or a train
(Torsvall et al, 1987). It requires electrodesbt attached to the skin beside the
eyes. The EOG is usually recorded either with AQpted amplifiers using a
relatively long time-constant, or preferably wittC@mplifiers. Unfortunately, EOG
recordings include as artefacts part of the froB&G as well as the EMG from peri-
orbital muscles, which must be ignored during asialyFig. 2b). However, with
appropriate amplifiers and placement of electrotles,EOG can detect horizontal,
vertical and oblique saccadic movements, as wednasoth pursuit movements and
the slow, rolling eye movements (SEMs) of sleepebiiBig 1b). Blinks and slower
eyelid closures can also be detected and theitidormeasured.

Another method for measuring eye and eyelid movésnienolves a beam or pulses
of infra-red (IR) light reflected back from the cea, conjunctival surface of the
sclera and the skin of each eyelid, and detecyetebrby photodiodes (Leder et al,
1996). Such methods are usually restricted todberhtory, but | have developed a
new digital system for continuous monitoring whiléving. Small IR transducers are
attached to a half-spectacle frame that the drivears comfortably, without the

attachment of any electrodes. The data can be sewlgn-line or stored for later
retrieval and analysis off-line.

A quite different method involves two CCD video @amas mounted in a vehicle,
pointing at the driver's face from the front at lkeaide (Skipper, et al 1986). The
duration and frequency of blinks and slower eyalldsures can be measured
approximately, within the limitation of one imageibg stored about every 30 msec.
This has been done recently in professional bugedriHakkanen, et al 1999). Until
now the recordings have had to be scanned visafily the event. It may be possible
to automate the analysis in the future, but not Metvever, such video images form
the basis of a promising, but still experimentaltimod, called PERCLOS, for

monitoring drivers’ drowsiness. This is discussedore detail below.
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5.3.2The Physiology of Eye Movements

In order to understand how movements of the eyed eyelids change with
drowsiness, we should first outline their normatweence and physiology. A series
of extra-ocular muscles can move each eye in @&tyadf different ways so that an
image of the object of attention falls on the fovée central and most sensitive part
of the retina. The movements of each eye are coatelil to an extraordinary degree
so that an image is focused on the retina andlisidisufficiently for clear vision.
This coordination must go on during head and bodwements by means of
vestibulo-ocular reflexes. An object moving inatgn to the observer can be
followed by smooth pursuit movements of the eyewided the object is not moving
too quickly. A vigilant subject’s eyes undergo dmeast continuous series of rapid
saccadic movements that enable the visual fielddoscanned for meaningful
information (Fig. 1a). The periods of fixation irtiveen last from a fraction of a
second up to several seconds. The duration o¥ithehl saccadic eye movements
and their maximum velocity depend on their anguaplacement or amplitude
(Schmidt, et al 1979). These are almost lineatioglahips for saccades up to about
20 degrees. Most saccades are of less than 15edegmplitude and take about 20-80
millisecs to complete. Vision is inhibited centyallluring each saccade (Matin,
1974). The binocular coordination of saccades isall controlled within a few
millisecs. There are other movements of the exttdas muscles that change the
alignment of each eye separately so that the tm@sliof vision point to the same
target. This involves convergence for nearer targeid divergence to parallel lines
for distant targets. In freely moving subjectshift of gaze by about 15 degrees or
more will involve movement of the head as well las éyes, in a coordinated way.
The saccadic eye movement is followed by headiostadnd then there is a slower
eye movement in the opposite direction as the Heaithes up” with the eyes that
have already fixated on their new target.

There are other, intrinsic muscles of the eyesdhatsmooth muscles, not striated as
are the extra-ocular muscles. For example, thargimuscles change the shape of
the lens in each eye to provide accommodation attiie retinal image is as sharp as
possible regardless of whether the subject is taphit a distant or near point. The
iris of each eye has dilator and constrictor mussthat change the size of the pupil
according to the intensity of light at the eye,rédty controlling the amount of light
reaching the retina. These muscles are controdisgectively by the sympathetic and
parasympathetic divisions of the autonomic nerveystem, opposing each other
continuously. The adjustments are reflex in natunet they are influenced by
behavioural state and sleep onset. The eyelidssarally closed during sleep which
provides a physical barrier to much of the lighow¢ver, the pupil is also reflexly
constricted then, further limiting light entry. Up@awakening, the pupils dilate, even
in bright light, which makes us squint under thagecumstances to limit the
environmental light entering the eye by alternatiheans.

In a drowsy subject the maximum velocity of a sdecaith a particular amplitude
is slower than in the alert state (Russo et al3299999a). However, to measure that
maximum velocity it is necessary for the subjectriake a series of saccades of
known amplitude without head movement. This caretone safely while driving.
Drowsiness also impairs smooth pursuit eye movesnémt can o longer track
objects moving as quickly as was possible in tleet aftate. Rapid smooth pursuit
movements tend to be replaced by multiple smalta@es that do not usually occur
immediately one after the other except in the dsostmte (Kleitman et al, 1951).
The ability to maintain ocular fixation is also iaiped during drowsiness (Miles et
al, 1931). The usually tight binocular coordinatimfithe two eyes in the alert state is
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loosened so that diplopia occurs and the subjexmts'slouble”. The slow, pendular
eye movements from left to right (SEMs), each fapteveral seconds, that appear in
the drowsy state are unlike any others (Liberscel,et966) (Fig. 1b). They occur in
most subjects when they are sleepening, but usoally after the eyes have been
closed, so the movements are not commonly recaginideey are obvious to others
once they have been pointed out. The fact thatreenat aware of such major eye
movements ourselves is good evidence that, whendbeoccur, our vision and/or
our self-awareness has already been centrallyitedil{see below). We cannot see
then but we are not aware of it. Another import@spect of the drowsy state is that
fewer saccadic movements are made, particularlyetasaccades (> 15 degrees)
away from the centre of the visual field. Periofl®cular fixation last longer. There
is some evidence that peripheral vision may bebitdd by neglect, an effect
mediated centrally by the parietal lobe of the tr&nhancing the tendency towards
tunnel vision (Russo et al, 1999b). Alcohol, sedatirugs and sleepiness all appear
to have similar effects which I believe reflecioaver overall level of central nervous
system activation as a result of a weaker wakeedMhere have been attempts to
quantify drowsiness solely on the basis of thegpatof eye movements recorded in
the EOG (Varri et al, 1996), but this approach imatsbeen adopted by others.

In the drowsy state, reflex control of the pupicbmes unstable, and its diameter
fluctuates over periods of seconds to minutes, aviean the environmental light

intensity is constant (Lowenstein et al, 1963). iRupetry has been used in the
laboratory as a continuous measure of sleepin&) @ased on infra-red images of
the iris and pupil (Wilhelm et al, 1998). Unfortuely this method cannot be used in
an environment where the light intensity can chaoffen and at a variable rate,
because that influences the pupil too. Pupilloynértherefore not suitable as a
continuous measure of the drowsiness of a trucledri

5. 3. 3 The Physiology of Eyelid Movements

The eyelids perform several functions including ricétion of the cornea and
conjunctiva, moistening it with tears, and wipingal foreign objects from it. The
blink reflex provides protection from flying objactThere are three kinds of blinks:
involuntary or reflex blinks in response to a stio®) spontaneous blinks without a
stimulus, and voluntary blinks (Shahani, 1970).Iétrged eyelid closures lasting
longer than blinks can be voluntary, as when weoshdo fall asleep, or involuntary
when we fall asleep unintentionally. Closure of &yelids reduces light input to the
retina, an important initial step in the control sfeepening that reduces the
secondary wake drive.

There is more than one layer in the thickness ef élelids (Fig. 4). The outer

muscle, just under the skin, is orbicularis ocsiipwn in Fig (5a). This is a striated
muscle that is part of the facial musculature sigppby the 7th cranial nerve (facial
nerve), but which is sometimes thought of as anaka-ocular muscle. It contracts
briefly during a blink, lowering the upper eyelicthda moving the lower lid both

upwards and medially towards the nose (Kennard, t9%84). The activity of this

muscle is opposed by that of another, levator fefeesuperioris, that is attached to
the upper tarsal plate, a fibrous strap of tissereehth the orbicularis oculi muscle in
the upper eyelid (Fig. 5b). This muscle has itsv@esupply from the 3rd cranial

nerve (oculomotor nerve). However, it is a very sual striated muscle in that its
structure makes it very resistant to the physiaalgfatigue that striated muscles
suffer from (Schmidtke et al, 1992). There is apotbmall muscle, called the tarsal
muscle or Muller's muscle, that is attached to shene tarsal plate in parallel with
levator palpebrae superioris. This is a smooth teustiose contraction is beyond
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conscious control and which does not suffer fronigéee either. Its nerve supply
comes from the sympathetic division of the autormmeérvous system via the long
ciliary nerves.
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Both levator palpebrae superioris and Muller's nheisare in a state of almost
continuous contraction during wakefulness, excaping blinks, so the “natural”
position of the eyelids during wakefulness is vitib eyes open. The combination of
a smooth muscle and a striated muscle both subggitve same function, in this case
the elevation of the upper eyelid, is unique inltoely. | believe that the strength of
involuntary contraction of those levator musclesiglirect reflection of the wake
drive. There are very few such situations in thelybavhere activity of the
sympathetic autonomic nervous system is not oppdsedhe parasympathetic
system, peripherally and centrally; cf. the contbthe heart rate or the diameter of
the pupil. There is one other situation similathat in the upper eyelid and that is in
the eccrine sweat glands of the palms of the handssoles of the feet (see below).
Both can play an important role in the assessmiesieep and wakefulness.

A blink starts with phasic central inhibition of ethlevator muscles, followed

immediately by contraction of the orbicularis ocufiuscles, controlled reflexly

(Aramideh et al, 1994) (Fig. 6). The combined dffsdo close the eyelids. The lids
then open reflexly because the orbicularis oculdixes as a result of active inhibition
and the levator muscles contract, raising the ufigefFig. 6). In an alert subject,

reflex and spontaneous blinks usually last 100-3fllsecs. As with saccadic eye
movements, the duration of spontaneous blinks ket thaximum closing velocity

are both almost linearly related to their amplitude the degree of eye closure,
which is not always complete (Evinger et al, 1991)e frequency of blinks during

alert wakefulness varies widely between about 110 per minute and is affected
by shifts of attention and by saccadic eye movemem@ther upper eyelid

movements, called lid saccades, are associategkiseflvith vertical saccadic eye

movements (Bauer et al, 1985). There is no equivadyelid movement during

horizontal saccadic eye movements. Thus, verticdlhorizontal eye movements are
controlled differently.

Vision is inhibited centrally during blinks, but ware not aware of that temporary
visual shut-down (Stern et al, 1984). By contragten vision is not inhibited, we can
easily detect a light being switched off for 200lisec. When the central inhibition

of vision that is associated with each saccadeldea to that with each blink, it is

quite surprising to find that we cannot see foruh®10% of the time normally,

even though we are not aware of it.

In the drowsy state, the upper eyelids tend to pled spontaneous blinks tend to
last longer as the involuntary contraction of thesal muscle weakens, in line with a
decrease in the wake drive. Blinks and other spaaas eyelid closures eventually
last 500 millisecs or longer, the opening phasédomovement slowing more than

the closing phase (Lobb et al, 1986). Howeverrehmay be only partial eyelid

closure with fluttering or wavering. The eyes beeainier as the secretion of tears is
inhibited, and the vasodilatation of superficiaeaioles in the conjunctiva creates a
grittiness that in popular parlance is describedites arrival of the “sandman”.

During intentional sleep onset these changes mayngoticed because the eyelids
have already been closed voluntarily. By contrastsomeone who is drowsy but
who is trying to stay awake, drooping of the uppgzlid occurs initially because of a
reduction in the spontaneous activity of the lewvatwscles, reflecting a reduced
wake drive. This can be partially overcome by vtdum contraction of the levator

palpebrae superioris muscle and later, if needgdydbuntary contraction of the

frontalis muscles that raise the eyebrows and,otbesextent, the upper eyelids.
Various grimaces, squints, and other forced eyel@sures may be used in an
attempt to alleviate ocular discomfort. These mances, along with changes of
posture, can temporarily increase the secondaryewiaie and, consequently, the
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total wake drive. This is then reflected in theesgth of contraction of the levator
muscles, keeping the eyelids open, at least partidbwever, to be effective, this
strategy relies on the effort of almost continugofuntary muscle contractions. If
the wake drive decreases further, the sleep drileb@come dominant and will
begin actively to inhibit the remaining wake drieeen further, and the eyelids will
close involuntarily.

There is some evidence that vision may be activehjbited as part of normal
sleepening before spontaneous eyelid closure uwddr circumstances (see below).
The subject would not be aware of what is happetiieg. A driver in this situation
could be said to be “driving without awareness”diBn, 1993). He would be seen to
stare straight ahead or to have SEMSs, but withelgess open. Awareness of this
“absence” would probably return when next he wased by some stimulus such as
the movement of his nodding head or the vibratibhis vehicle as its wheels leave
the edge of the pavement, and he would realisetingpect that he had dozed off.

The frequency of blinks may be either increasediexreased in the drowsy state
(Stern et al, 1984). Consequently, that frequerscyat a very useful measure of
sleepiness. By contrast, the duration of blinks #rel frequency of blinks lasting

more than 500 millisecs has been used as a meawwleepiness in bus drivers,
based on the analysis of video images of the dsvace (Hakkanen et al, 1999).
Unfortunately, we do not yet have a scale with Wwhiz measure the risk to driving

that is associated with such changes.

5.4 Muscular Activity, Movement and the Maintenance ofPosture.

The activity of most skeletal muscles is relatemsely to the sleepening process. It
has long been known that reflexes such as thelgafkhee jerk) reflex are inhibited
during sleep (Bowditch et al, 1890). However, tis not been investigated in detail
in relation to drowsiness. In my model of sleep arakefulness (Johns, 1998) the
phasic and tonic contractions of striated musateslved in body movements and
the maintenance of posture provide a powerful dtimto wakefulness by feedback
from their muscle spindle cells, and from the steteceptors in ligaments, joints
etc, via the thalamus to the wake-promoting systethe central nervous system -
called the secondary wake drive in my model (sqeeagix). When we fall asleep
intentionally, it is usually after we have chosenlie down and partially to relax
many, but not all skeletal muscles voluntarily. 'béan be considered a passive phase
of muscle relaxation. The orbicularis oculi muscies an exception to this because
they must be contracted voluntarily to close thelidg and thereby limit light entry
to the retina at a time when we are relaxing othescles.

Simply to lie down from the standing position autdically changes the spontaneous
activity of the major postural muscles that otheevimust keep the head and trunk
erect when we are standing and, to a lesser extdrile sitting. This reduces the
secondary wake drive reflexly when we lie down. é@tleffects of this postural
change are also important. For example, the firaig from aortic baroreceptors
decreases when the blood pressure that they aretomiog rises, as it does
automatically when the position of the baroreceptsrlowered in relation to the
heart when we lie down (Cole, 1989). This decredsaureceptor feedback also
decreases the secondary wake drive.

We will fall asleep soon after lying down if thetdbsleep drive exceeds the wake
drive at the time. However, the voluntary phasenokcle relaxation alone does not
usually produce profound relaxation. We may not daleep simply because we lie
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down unless the sleep drive is also increasededirie. There is another, later phase
of muscle relaxation during sleepening that is edusy an active inhibitory process
from within the central nervous system. This may begin until late in the
sleepening process. It takes 2-5 mins to develmp @ntinues into R&K stage-2
sleep. The amplitude of the EMG recorded from sutiadeor facial muscles shows
this clearly during routine polysomnography (Fit&2). It is this active process that
inhibits contraction of the levator palpebrae mescand the tarsal muscles. This
mechanism takes over from the voluntary contraatibtine orbicularis oculi muscles
as the means by which the eyelids usually remaised during sleep.

Usually during wakefulness there is a constantrawiton between the levator
palpebrae superioris and the tarsal muscle on tieehand, trying to elevate the
upper eyelid and, on the other hand, by the oraitsiloculi muscle trying to lower

the upper eyelid. This can produce a tremor ineyedid that can be monitored by a
small strain gauge attached to the upper lid. Teenadr evidently ceases with sleep
onset. This has been used experimentally as anaitadi of sleep onset in drivers,
using a recording system called Nightcap that weselkbped originally for home

monitoring of sleep in the investigation of slegmea (Stickgold et al, 1994). My
own (unpublished) observations of muscle tremorasueed by a strain gauge over
the nuchal muscles that help to hold the head ,eoextfirm that muscle tremor

virtually ceases with sleep onset. However, a stgauge will respond to any
movement, not just to vibration or tremor. A strgiauge on the upper eyelid will

detect all eye movements, such as horizontal otice¢rsaccades and, more
particularly, SEMs in the drowsy state that wouldvathe eyelid slightly because of
the conical shape of the cornea moving beneafhhits, the Nightcap technique is
probably detecting when all eye movements ceasidimg SEMs. As we have

seen, this may not occur until late in sleepenikipwever, this method for

monitoring drowsiness deserves more investigation.

A truck driver who is driving at 4 am, after beiagake all day, has a relatively high
secondary sleep drive because it has increasedegsigely during his continuous
hours of wakefulness (Johns, 1998). He also hataively low primary wake drive
because it is then at the low point of its circadiaythm. The driver will be almost
entirely dependent on his secondary wake driveegpkhim awake then. Neither the
voluntary nor the reflex phases of muscle relaxatidll necessarily occur in that
situation. Indeed, the driver may increase his ateusctivity intentionally by
changing posture repeatedly or by maintaining ualugastures as he drives in order
to stay awake. It may not be until the active ity phase of muscle relaxation
begins and progresses, i.e not until after he mdsred Stage-1, that his postural
muscles will be so inhibited that they can no laneld his head erect and the
levator muscles of the upper eyelid can no longepkhis eyes open. If this scenario
is correct, any attempt to use nodding of the haagrolonged eyelid closure (as
distinct from slow blinks) as a warning of impenglisleep onset will be doomed to
failure. The driver may already have been unresperf®r many seconds, if not a
few minutes, by the time his head nods forward kisdeyelids remain closed. This
problem would be exacerbated if, as seems liketylamotor control and even
vision itself is lost before the active phase oélekal muscle relaxation causes the
head to nod forward. This was first described byeMi(1929) who pointed out that
after prolonged wakefulness (sleep deprivation)caa fall asleep with our eyes
open. This was confirmed by Akerstedt’s group ineSen (Torsvall et al, 1998;
Akerstedt et al, 1990) who showed that, in slegpristed subjects, there were
episodes of SEMs in the EOG and increased alphateetd-waves in the EEG at
times when the subjects were sitting up with tlegies open. Such episodes were
associated with errors of omission in a performaese However, these lapses were
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distinguished from other performance failures duédzing episodes when the head
nodded forward and it was obvious the subjectsfaléeh asleep.

Some voluntary muscle activity and limb movememepeated often enough to
become “automatic”, can continue briefly after plamset. This was shown in an
investigation of train drivers who had to activatevigilance monitoring device
repeatedly in order to keep their train operatigralihstorfer et al, 1977). The driver
had to push a button within 2.5 secs of a lightHlghat came on 30 secs after his last
response. If he failed to respond to the lightuazler was switched on. If he failed
again to push the button within another 2.5 seesatitomatic braking system of the
train was activated. In fact, when their EEG ar@@was monitored while they
drove their trains they were found to push thedyutt fairly regular intervals that
were less than 30 secs, so preventing the flasighdfor the buzzer from coming on
at all. This button-pressing activity was contindadtomatically” at times when the
driver was clearly in Stage-1 sleep, while sittimg. One driver drove his train
through a danger signal on the track under thaseirtistances, presumably because
he did not see the signal (Fruhstorfer et al, 1977)

5.5Vision and Other Sensory Systems

It seems that all sensory systems are inhibitedraénto some extent during sleep
onset. This reduces responses to mild or modefatauls while still allowing
responses to intense stimuli. This is an aid tepslenset and to sleep maintenance
because it reduces the secondary wake drive withidetting the sleep drive. This
applies to vision, hearing, touch, taste, smeliration etc. We have seen above how
oculomotor controls are affected in the drowsyestatith impairment of the ability
to focus and fixate the eyes, and to control tleeiey of eye movements, but vision
is evidently affected separately. This was dematetk in a simple way by Dement
(1999) when he taped a sleep-deprived man’s eyefida and intermittently flashed
a strobe light into his eyes. The subject respomdadily at first by pushing a button
each time he saw a flash. However, at sleep oreséailed to respond to the flash
and, when roused, denied that it had occurred. Rihid of experiment needs to be
repeated with more sophisticated methods to estabtiwhat point in the sleep onset
process vision is “turned off”, particularly witmintentional sleep when the eyes
may still be open. Short-term memory is also inteibithen, which would impair the
ability to report recent events, even if they hadrbregistered visually.

Much of the experimental evidence about sensoryesys in this context has
involved the sense of hearing. Ogilvy et al (1988)sented their subjects with an
intermittent auditory stimulus ( a 1000Hz tone, BAdabove the background level)
which lasted for up to 5 secs or until a mini-sWitbat was attached to the hand was
pressed. They used the subject’s response timas/égtigate sleep onset and the
presence of SEMs in the EOG. The mean responss timoeeased significantly from
wakefulness to Stage-1, and further again in Spagéien there were far fewer
responses. SEMs began during wakefulness, justréoeédpha-blocking, and
increased as drowsiness progressed, but then dedrafter sleep onset. Thus, SEMs
were virtually absent either when the subjects aled and their response times were
fast, or when they failed to respond or had veoyglesponses when asleep.

This experiment confirmed that a behavioural respowith at least phasic muscle
activity, sufficient to push a mini-switch, is pdde in response to mild auditory
stimuli at times when there are SEMs in the EOGaWte do not know from this is
whether the subjects could or could not see thed, vahether they would have
responded as well to a visual stimulus as theyalidn auditory one. Response to a
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visual stimulus would be much more relevant todheing situation. It may be that

different sensory modalities are inhibited at diéfet rates or at different times
during sleepening. The presence of SEMs seemsta bery useful sign that

sleepening has begun (Akerstedt et al, 1990). Mewehe incidence of SEMs

differs between subjects. We need far more researche nature of eye movements
when driving, particularly when drowsy. For examplee need to distinguish the

SEMs of a drowsy subject from the smooth pursué Byovements that can occur
intermittently, or the vestibulo-ocular reflex mowents that occur commonly in an
alert driver while the vehicle is moving. Akersteatid Gillbert (1990) found that

difficult to do in an active subject.
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5.6. Sweat Gland Activity, Skin and Core Temperatue, and Heart Rate.

Eccrine sweat glands are distributed widely in gkim over most of the body. Most
of them are concerned with thermo-regulation. Havethe eccrine glands of the
palms of the hands and the soles of the feet #iereit. They secrete sweat in brief
bursts in response to novel or alerting stimuli.e8ting in most area of skin
increases during sleep, but in the palms and sblegenerally inhibited. However,
there are usually brief bursts of sweating intetenitly during non-REM sleep, too
small to be noticed clinically, that are superingzbsn a very low level of sweating.
These changes in sweat gland activity can be mmuitby measuring the electrical
resistance of the skin by applying a constant ctirbetween two electrodes on the
fingers or palms. An alternative method is to measthe potential difference
between the skin of the palm and that of the bécth® hand without applying a
current. Measurements of skin resistance formedb#®s of a simple method for
monitoring sleep and wakefulness that | describ@gears ago (Johns 1971). Skin
resistance varies with the activity of the sympttheivision of the autonomic
nervous system without the opposing action of taeagympathetic division. Skin
resistance (and potential) begins to change irditbe/sy state, about 2-5 mins before
R&K-stage-1 onset, when SEMs also occur (Hori, 39®hfortunately, the absolute
values of skin resistance and of skin potentiairduiwakefulness and sleep differ
widely between individual subjects. Recordings difficult to obtain without
artefacts in active people, a problem that doesanee in the sleep laboratory. This
makes such measurements of limited use for mongdhie drowsiness of drivers.

Thermo-regulation in general is heavily influendad sleep and wakefulness. The
blood supply to the skin is increased by vasodilatathat begins a few minutes
before R&K stage-1, as with the inhibition of palnsaveating. As a result there is an
increase in heat loss, so the core temperatuie dalsleep onset. These changes and
others such as the impairment of oculo-motor cortiscussed earlier, all of which
precede R&K stage-1 onset, are good evidence &mtportance of the concept of
sleepening, a much broader concept than is alldwetie R&K definitions of sleep
stages.

The heart rate usually decreases by a few beatsiperte at sleep onset. However,
in some people it increases or changes very (dtddns et al, 1976). The heart rate is
controlled by the interaction of opposing influescthe sympathetic division of the
autonomic nervous system speeding the heart upttengarasympathetic division
slowing it down. At sleep onset, both divisionstloé autonomic nervous system are
inhibited to some extent, although by how muchrisastain. The end result in terms
of the heart rate depends on which of the two erfikes was dominant before their
inhibition. The heart rate is not a particularlyefid measure of drowsiness, even
though it has been used by some for that purpoeipast (O’Hanlon et al, 1977).

5.7 Mental Activity and Awareness

The changes in mental activity that accompany steeget have been described in
some detail (Foulkes et al, 1965; Mavromatis, 198During sleepening there is a
fairly sudden shift of focus away from awarenesghef“here and now” to much less
focussed and less structured thinking that is vagod disengaged. This is
sometimes described as more primitive, regressivehibd-like thinking. It usually

begins within seconds of the initial alpha-blockinghe EEG, perhaps earlier under
circumstances of sleep deprivation. There is immpamnt of volition so that

voluntarily directed activities are limited. Thbility to maintain focussed attention,
so important for driving safely, is impaired. Thésean increasing inability either to
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recognise one’s state or to do anything about onSaneous sensory images
(hypnagogic images) may appear that can involveddriie senses, but particularly
the visual. There may be a vague awareness of remopatterns and lights, or
sometimes visual hallucinations, even with the eyesn. Whole imaginary scenes
may be visualised, including people. There may Isersse of falling or of drifting.
These images are in addition to misperceptions usecaf diplopia and impaired
oculomotor control. As stated earlier in relationHori’'s (1994) investigations, the
incidence of visual imagery increases during slaeypefrom Hori's H stage-1 to H-
stage-5 and then decreases into H-stage-9, whietuivalent to R&K stage-2. Hori
did not include SEMs in his classification, but Yeow from other investigations
that the incidence of SEMs has a similar patteranagiurrence (Liberson et al, 1966;
Hori, 1982; Akerstedt et al, 1990). Perhaps theialismagery and the SEMs are
causally related. We need more research on this.top

Some researchers believe that a drowsy drivemiaya capable of knowing when he
is about to “fall asleep at the wheel”, even thohghmay not recognise the danger of
his drowsiness (Reyner et al, 1998). | disagreé #iat, and so do others (Brown,
1993). Peoples’ awareness of their own behaviostatle during drowsiness was
investigated by Hori et al (1994). Subjects werkedsto push a button as soon as
they heard a 1Khz tone at 50dB which lasted fee&onds or until the button was
pushed. They were also asked to say then whetbgrhthd been awake or asleep at
the time they heard the noise. In the progressiatates from H-stage 1 to H-stage 9
the percentage of responses that indicated beivakeafell from 83% to 26%, those
that indicated being asleep increased from 7% %0,4hd the times when there was
no response increased from 10% to 30%. Even ththegk was some increase in the
accuracy of self-perceptions of having been eitgake or asleep as drowsiness
progressed, they were never very accurate. Evem Wwhing roused from H-stage 9
(equivalent to R&K stage?), the majority of subgecould not tell that they had been
asleep for a while. | interpret this in terms ofiaxpairment of attention and of self-
awareness that gets progressively worse and wiacdlgls the slowing of reaction
times.

However, Hori's subjects were lying in bed with itheyes closed. That is a very
different situation from that of a truck driverwsggling to stay awake. | believe that
the majority of subjects who doze off while in @iging posture, without their head
being supported as it would be on a pillow in bedn usually (but perhaps not
always) tell that they have just dozed off aftex #vent, when next they rouse. They
realise in retrospect that their eyes have beesediahat there has been a gap in their
awareness of events going on around them, orhleattiead has nodded forward i.e.
they have exhibited dozing behaviour, much of whglobservable by others. The
ability to recognise and remember such dozing elgisdn retrospect forms the basis
of the Epworth Sleepiness Scale (Johns, 1991).imMpertant point is, however, that
we are generally not aware that we are dozing®oft happens. Our awareness arises
later, in retrospect if at all, when we are momrtalThis requires more investigation
in the laboratory.

The ability of sleep-deprived subjects to predibether or not they would fall asleep
within the next two minutes has been investigatedidi et al (1993). Polygraphic
and video recordings were made during repeated vestn the subjects were sitting
in front of a computer screen with one hand on rteuse. Sleep was defined
polygraphically as the presence of theta-wavesafoleast 3 seconds. i.e of a
microsleep at least. Sleep episodes were confifneeol the video by “eye closure,
head nodding, and muscle relaxation”.The subjeftsnofell asleep when they
predicted they would stay awake, or stayed awakenwhey predicted they would
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fall asleep. They were worst at predicting theistfiepisode of sleep and improved
somewhat with later episodes. There was wide vanabetween the abilities of

individual subjects to predict either sleep onsettontinuing wakefulness. Some
were fairly accurate, others gave predictions ntebéhan chance. As we shall see,
the impairment of performance begins before theeapmce of a microsleep. This
may make predictions of performance failure evenemmreliable.

The results of such experiments give little cre@etacthe view that all we have to do
to solve the problem of drowsy driving is to edecdtivers to be aware of their
drowsy state and its safety implications. | bedigliat many drivers would benefit
from an unobtrusive device that could tell themtoarously about their state of
alertness/drowsiness and which would trigger amalahen their drowsiness first
reached a critical level when they were no longdpfdrive.

Despite the changes in mental activity and awaredesing drowsiness, it appears
that subjects can still respond briefly to enviremtal stimuli of sufficient intensity
although their self-awareness and attention is rgdlgeimpaired. This has been
demonstrated in experiments mainly in relation woligory stimuli that produce a
brief arousal during which the subject may respbydgushing a button (Ogilvie et
al, 1988). However, the response time is signifigatonger and there are more
occasions when there is no response (lapses, arsef omission) compared with
the alert state. In the driving scenario, a ditv@rousal response to sudden new
vibrations of his vehicle as it crosses the rungtigs on the edge of the highway is
an example of this phenomenon. However, his arogsgonse may be short-lived
unless the driver is able to take further actiong an particular to have some sleep to
reduce his sleep drive.

We have seen how sleepening inhibits importanhtitteal and volitional processes
and the driver's awareness of the “here and nowfs Presumably also impedes his
ability to change his behaviour voluntarily at ttime, even when his situation
involves the reality of an impending crash that lddae obvious to an alert driver.

6.0 Vigilance and Lapses in Psychomotor Performance Tes

The idea of using performance tests as a measurentfal and psychomotor ability
has been around for a long time. Psychologistsnatied for many years to explain
the changes in continuous performance with tima fagiction simply of the process
of fatigue. Then they realised the importance eéginess and a change of state in
that process. However, they confused themselvethibking that sleep onset was
simply the end result of fatigue, a view with whithstrongly disagree (Johns,
2000Db).

Bills (1931) first described what he called “blotkshich were time gaps in a
subject’s repeated performance of a psychomotoitavice test. Bills noted that
errors tended to be associated with such “blocljérner (1949) later showed with
concurrent EEG recordings of subjects with thegseglosed during a serial auditory
reaction time test that these “blocks”, or as hefgred to call them lapses, were
associated with alpha-blocking and the brief apgeae of theta-waves in the EEG.
These events came to be called microsleeps thatlasaynly a few seconds. The
frequency and duration of these microsleeps ineedsring the sleep onset process
until R&K Stage-1 sleep begins.

Williams et al (1959,1962) showed in a classic eserof experiments that the
frequency of these microsleeps and of lapses ifopeance increased with sleep



26

deprivation. At first it was thought that microgbseexplained all of the problem of
impaired performance during sleep deprivation. Eesv, Dinges and his co-
workers (1988) showed that, while microsleeps eérpth many errors of omission
(when the subject failed to respond) in psychomafigilance tests (PVTSs), the
overall performance level was also impaired in leewlapses.

Akerstedt and his co-workers in Sweden (Torsvallefi988; Akerstedt et al, 1990)
showed that errors of omission in a visual vigikrtask, with eyes open, were
associated with an increase in alpha-waves in 86 Even more often than an
increase in theta-waves and microsleeps at the ti®EEMs were observed during
these periods and those authors felt that SEMs lneayhe most specific sign of
impaired performance, due to drowsiness, whetheetkelids were open or closed at
the time. However, they found difficulty in detegt SEMs in the EOG sometimes
because of other ongoing eye movements such asdesc@and smooth-pursuit
movements in active people.

Since then Risser at al (2000) have reportedidpses in a serial reaction time test
done every two hours during 40 hours of continumakefulness were associated
more often with bursts of alpha-waves than withrosteeps and theta waves in the
EEG. They referred to those events as “attentilapasles” rather than microsleeps.

Whether the subject’s eyes are open or closeckdirtte has a major impact on such
results. Thus, the relevance to drivers of thesthoas of EEG analysis may be
limited. In addition, there are substantial diffieces in the EEG between subjects,
whether alert or drowsy, that make the EEG by fitsedufficient for monitoring
drowsiness. When this difficulty is added to theespl requirement of careful
electrode attachment and the problem of movemdetaais in recordings made on
an active subject, EEG monitoring is not likelylie useful for monitoring a truck
driver’s drowsiness routinely.

The impairment of performance on a variety of P\bEsause of sleep deprivation
has been compared with the equivalent effects dferént blood alcohol
concentrations (Powell et al, 1999). After abouth®rs of continuous wakefulness,
which under many circumstances coincides with 2 am after being awake all day,
the performance decrement is comparable to thatlddod alcohol concentration in
excess of the legal limit of 0.05% for a driver h@nd et al, 1999). This has served
to emphasise the importance of sleep deprivatiohtla@ time of day on driving, and
to make these factors in road safety more undetatde (Dawson et al, 1997).

7.0 Drowsiness during simulated driving tests.

Driving simulators, especially the most sophistchbf them, provide a test situation
that approximates real driving much more closegntdoes a serial reaction time test
with button-pushing responses to an auditory stiwuNevertheless, a driver in a
simulator knows very well that he will not die mjure himself if he drives off the
stimulated “highway” and hits a “tree”. We cannanglate the effects of fear of
injury or death on the driver. However, simulatetvidg experiments enable the
effects of all levels of sleep deprivation and odwsiness to be investigated, which
would be very difficult otherwise. Wierwille’s grpun Virginia (Dingus et al, 1987;
Wierwille et al, 1994) demonstrated the early pisenof measurements of drivers’
eyelid closures and of PERCLOS when they showetfgignt correlations between
those measurements and lane deviation (mean amdhsthdeviation) and velocity of
steering wheel reversals in simulated driving, ddliwhich were affected by sleep
deprivation (see below).
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Driving simulators have also been used to investighe impaired performance of
drivers who have excessive daytime sleepinessgpently because of narcolepsy or
severe obstructive sleep apnea (George et al 18&h sleepy patients showed
significant impairment of driving skills as a groespmpared with normal subjects.
Yet half of the patients performed as well as thetols. The authors concluded that
the degree of an individual driver's impairment kcbnot be accurately predicted
from assessment of his sleepiness by the MSLT, lwbine people consider to be
the gold standard for measuring sleepiness. Myyaizabf the concept of sleepiness
predicts such a result (Johns, 1998). The MSLTsfail this situation because it
measures the subject’s situational sleep propemsityne particular test situation,
and this is not closely related to his sleep pnsjig in a different situation, such as
when driving.

Risser et al (2000) have also shown in a simuldtedng experiment that patients
suffering from excessive daytime sleepiness cabyeabstructive sleep apnea have
impaired driving skills as measured by the varigbibf their lane position, speed,
steering wheel movements, and “crash” frequency gétients had more “attention
lapses” than controls, as defined by the appearanteeir EEG of bursts of either
alpha or theta- waves lasting at least 3 secondst Mpses that led to a “crash”
involved alpha rather then theta-waves and coutdheyefore be called microsleeps.
Those authors concluded that the impairment toirdyiwhen drowsy was “not
entirely due to overt sleep but to more frequernt lmger attention lapses”. This is
consistent with the view expressed above abouintpertance of attentional deficits
in drowsiness.

The same conclusion has been reached after detedpdriments on simulated
driving by subjects who were either totally or ety deprived of sleep at the
Walter Reed Army Institute of Research in WashingRC.(Thomas et al 1998;
Russo et al 1998; Thorne et al 1999). Their EEG®weonitored while they drove
on simulators. Over a period of 14 days with altofa66 drivers there were 619
“accidents” such as “driving off the road”. Only fich “accidents”, or 1%,
coincided with a microsleep and theta-waves in Ei&G at the time. When the
recordings made during the minute before eachideat’ were analysed, only 14%
of such incidents were preceded by a microsleepveder, the EEG characteristics
that were associated more often with “accidentsfewot reported. The conclusion
was reached by those authors that “simulator dyiawcidents during drowsiness
seldom result from falling asleep at the wheelgasging that most accidents may be
due to sleep-deprivation-induced cognitive impaimteesuch as inattention” (Thomas
et al 1998). Although the EOGs were recorded duilimge experiments no analysis
of eye movements was reported, which is a pity. el@w, such results and
comments rightly emphasise the importance of inétie caused by drowsiness,
even before microsleeps appear in R&K stage-1 sleep

8.0 Observer Ratings of Drowsiness

The availability of small CCD video cameras has enad possible to make
continuous video recordings with low levels of kisilight or with invisible infra-red
light. This technique has been used to monitorfoe and eyes of truck drivers
while they do their job of driving. Wierwille & Eworth (1994) described a 5-point
rating scale from “not drowsy” to “extremely droyisbased on a combination of
video-recorded features that included the follgyitmannerisms” such as rubbing
the face or eyes, scratching, yawning, grimacisgyell as restless body movements,
slower eyelid closures, decreased “facial tone"glassy-eyed appearance”, staring
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at a fixed position, SEMs, a “cross-eyed” look, gretiods of general immobility
lasting many seconds, punctuated by jerking movésnelarge steering wheel
adjustments, and intermittent arousal associatéld avinodding head. They found
that raters could give reliable (in the sense sf-tetest) assessments of drowsiness
on this five-point scale when they reviewed theewadrecordings on play-back.
However, there were some consistent differencethenratings made by different
raters.

This rating scale was, in my opinion, poorly defirend never adequately calibrated.
Nevertheless, it was from that work that the metbaited PERCLOS was developed
(Skipper et al, 1986; Wierwille et al, 1994). Tissbased on the percentage of time
that the eyelids are at least 80% closed, as asbtbggaters who view the recordings
off-line. This appears to be a promising new metli@d monitoring drowsiness.
Scores on the PERCLOS test vary in parallel wifisés in psychomotor vigilance
tests done repeatedly during 42 hours of wakefsliiBinges et al, 1998; Mallis et
al, 1999). However, we know from other investigatoand from Wierwille &
Ellsworth’s (1994) own descriptions that some sldeprived subjects fall asleep
while their eyes are still open. PERCLOS does nolude any assessment of eye
movements, whether of SEMs or of saccades, etcchwhre potentially very
important. By the time a driver's eyes are mosttsed he may have been “driving
without awareness” for several minutes. Combinge difificulty with the fact that the
video assessments cannot be made on-line yet anldawe reason to be cautious
about the PERCLOS method.

9.0 Drowsiness while actually driving

Despite practical difficulties in recording the EEBG&d EOG in active subjects , even
with today’s technology, it is interesting to firtat such recordings were made
successfully in Germany 25 years ago (Fruhstafeal 1977). They had drivers
with instrumented cars driving on a highway and etarway during the day and

night. They used a video camera to record theedevface and eyes. When the
drivers reported being “fatigued” (i.e. drowsy ihist context) the EEG showed
“phasic increases in theta activity” or “high-aniptie bursts of alpha activity often
related to eye blinks of long duration”. These demwere clearly displayed in
spectral arrays of EEG power versus frequency ane (Fig 7). The frequency of

eye blinks did not change much but their durati@h dome lasting longer than 500
millisecs. To see these results today it is eelittisheartening to realise how little
progress has been made in this field over theZiagears.

Kecklund and Akerstedt (1993) monitored the EEG/EQiGome long-haul truck
drivers while driving in Sweden. Power spectrallgsia of the EEG was done with
epochs of only 7.5 secs after artefacts had beewwed visually. The subjective
sleepiness of the drivers, measured by the Kal@ii®eepiness Scale, increased at
the end of the driving period, particularly in tdast 2 hours in the early hours of the
morning. There were significant correlations betwethe drivers’ subjective
sleepiness and the power of both the alpha and thetves in the EEG. Eye
movements and blinks were not included in this ysisl

These results from drivers on the road are enticgsistent with those from
laboratory studies using simulators. It is cleawrtbat we cannot rely solely on the
identification of microsleeps to explain the immpaémt of performance during
drowsiness. Bursts of alpha-waves that may only dafew seconds are at least as
important and are probably numerically more comitiam are bursts of theta-waves
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during drowsiness. Similar results have been pbthiin studies of train drivers,
airline pilots, and industrial workers doing thegual work (Torsvall et al, 1989).

If any further evidence was required to evaluateubke of continuous recordings of
the EEG/EOG and the presence of microsleeps asaitods of drowsiness in truck
drivers, it was provided by the results of a largepensive and detailed study of 80
long-haul truck drivers, driving their usual rouiesthe USA and Canada (Wylie et
al, 1996). The study made recordings over 6 wealgng which time the drivers
covered 200,000 miles. Video recordings of the ettt/ face and eyes showed
periods of drowsiness, judged by prolonged eydtidures etc. that were associated
with lane-drifting but not with any crashes. Viddetected drowsy episodes were
present 600 times more frequently than was indithiethe presence of microsleeps
in the EEG. No attempt appears to have been madentfy periods of alpha-waves
in the EEG. The drivers’ self assessments of tldeawsiness by the Stanford
Sleepiness Scale were not closely related to thectbke findings of drowsiness.
About two-thirds of the drivers had some drowsyigis, especially at night, but
one-third did not. The majority of drowsy episod84%) were seen in a minority
(14%) of drivers. Drowsiness was much more closeligted to the time of day/night
than to the duration of driving periods.

One other investigation of drowsy driving in Swedgnvorthy of comment because
it seems to be unique. Lisper et al (1986) askethd2 university students to drive
continuously on a 5-km lap on the runway systerarofirforce base until they had
fallen asleep 3 times. The car had dual contrallseawell-rested co-driver could take
over the controls if necessary, but that was netled. Seven of the 12 drivers fell
“asleep” as judged by eyelid closure or head-nagldiRive drivers would not
continue to drive after some time although theymbdl actually fall “asleep”. Those
who dozed off found it quite alarming. The meareiaél of 24 mins between
consecutive dozing episodes was not affected bynanbte brisk walk after they had
fallen “asleep” each time. Unfortunately, this exdment did not incorporate
adequate methods for monitoring drowsiness. Howetvdid incorporate an element
of danger with the risk of a crash after “fallingleep at the wheel”. Some subjects
were not prepared to take that risk and withdrenfthe experiment.

Detailed studies of the pattern of eye movementdewdwctually driving are not

common. In the past they have required cumbers@ad-gear for the driver to wear.
One important study by Kaluger and Smith (1970) vegorted from Ohio more than
30 years ago. They studied only 3 subjects, eagindrfor 9 hours on an interstate
highway with and without one night's sleep depiimat which must have made it
quite a dangerous experiment. The direction ofdiieers’ gaze and the pattern of
eye movements were recorded many times for peragfdabout a minute under
different driving conditions that were repeatedeTgredominant direction of gaze
moved downwards and outwards to the edge of thetafiar prolonged driving when
the drivers became drowsy. The researchers imgbitheir results in terms of the
impairment of peripheral vision during drowsinessd athe need to use foveal
(central) vision than for spatial and velocity infation. This information would

normally be collected from peripheral vision thaltds in the high angular velocity of
objects moving immediately in front of and to thaesof the moving vehicle. Foveal
vision would normally be reserved for the road aheaith much lower angular

velocities to be observed. We need far more rebealong these lines of
investigation.
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10.0 Conclusions

From the above summary of experiments and obsensait is possible to draw some
relevant conclusions.

10.1 Drowsiness is a fluctuating state between alakefulness and R&K stage-1
sleep. It is not distinguished as a separate sgtatiee R&K classification of sleep
stages, which is quite inadequate for our purposes.

10.2 Hori's classification of 9 H-stages in theegleonset process can serve as a
useful guide for us, but those stages apply toiidgeal sleep-onset after lying down
and closing one’s eyes. This is quite differewmtfrunintentional sleep-onset that
occurs in drowsy drivers who struggle to stay awehk@ to keep their eyes open.

10.3 Drowsiness causes a general impairment ofopeaince on a variety of
psychomotor vigilance tests and when driving, wletin a simulator or on the road.
The impairment causes errors of omission as wek atowing of reaction times.
There is a reduced ability to maintain attentiod &alition, and reduced awareness
of the “here and now”. Well-learned, “automaticdhaviour, such as simple lane-
tracking, is impaired less than is behaviour tleguires focussed attention and novel
responses. It is possible to continue with “autiichdehaviour when very drowsy,
and to drive “without awareness”.

10.4 The impairment due to drowsiness cannot béaiga solely on the basis of
microsleeps, which are brief episodes of R&K stagdeep, each of which may last
a few seconds. The impairment more often invofed¢t®ntional lapses”, with alpha-
waves in the EEG when the eyes are open. In anhsalbject, alpha-waves would be
blocked under those circumstances.

10.5 A very drowsy driver is able to fall asleeplan enter R&K stage-1 or even
stage-2 sleep with his eyes open. This makesiahtelany method for monitoring
drowsiness that is based solely on eyelid closueh as PERCLOS.

10.6 Slow eye movements (SEMs) that appear duniogyginess, well before R&K
stage-1 sleep, are unlike any others. They offeatgpotential for monitoring
drowsiness in drivers. However, SEMs must be mjstished from a variety of other
eye and eyelid movements, and this is difficudéowith EOG recordings.

10.7 New methods for monitoring the combinationnodvements of the eye and
eyelids using infra-red reflection techniques offestential for resolving these
problems.

10.8 We already know that it is common for somekrdrivers to fall asleep at the
wheel. However, we do not know at what point altmg drowsiness continuum we
should say a driver is no longer fit to drive gaaticular time.

10.9 There is still much that we do not know abdrdwsiness and unintentional
sleep-onset. More research is needed.
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