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ABSTRACT 
Prevention of road crashes is a major priority in most countries. The present thesis focuses on 
driver sleepiness and road crashes.  The general aim of the thesis was to explore the relation 
between driver sleepiness and driver impairment and the changes that precede a crash or a 
similar safety-critical event, but also what constitutes good reliable behavioural / physiological 
measures of sleepiness. A second question concerned particular groups and situations 

 

is post-
night shift driving characterized by increased sleepiness, is more complex driving also affected 
by sleepiness, and are younger drivers affected by sleepiness behind the wheel  more than older 
drivers? A third question concerned countermeasures. What are the preferred self-administered 
countermeasures and what are the effects of the structural countermeasure like rumble strips?  

The results showed that driving home from the night shift was associated with an increased 
number of incidents (2 wheels outside the lane marking, from 2.4 to 7.6 times). There were a 
decreased time to first crash, increased lateral deviation (from 18 to 43cm), increased eye 
closure duration (0.102 to 0.143sec), and increased subjective sleepiness. Moreover, a night of 
prior sleep loss increased levels of established indicators of sleepiness at the wheel even if the 
driving situation required frequent interactions with other cars on the road. However, blink 
duration (mean and variability) was shorter during overtaking, compared to other situations, 
even during the drive home after a night shift.  Young drivers showed a higher risk than older 
drivers. Sleepiness increased with time on task, with higher levels for young drivers than for 
older ones, and the results indicate that younger age is associated with greater susceptibility to 
sleepiness at the wheel. In another study it was shown that a sleepy driver leaving the lane and 
hitting the rumble strip will be awakened and show an improved driving behaviour. However, 
the sleepiness signs (KDS, lateral deviation, eye blink duration) returned 5 minutes after the 
rumble strip hit. It was concluded that various aspects of sleepiness are increased before a 
rumble strip is hit and that the effect is very short-lived.   

In a methodological study a combined scoring of Electrooculogram and Electroencephalogram 
recordings, the so called Karolinska Drowsiness (KDS) scoring, is a promising method for 
estimating physiological sleepiness under conditions of driving. At KDS level 30 % (meaning 
sleepiness signs 30% of the time within a given time frame) the risk of lane departure is 2.6 
times higher; at KDS 40% the risk of lane departure is more than 6 times higher. The relation 
between KDS and variability of blink duration shows that at KDS 30% the blink duration has 
changed from 0.16 seconds (level 0) to 0.18 seconds  

The thesis has also shown the importance of taking into account driver group when working 
with countermeasures against sleepiness related crashes. The most common countermeasures 
among drivers were to stop to take a walk, turn on the radio/stereo, open a window, drink 
coffee and to ask passengers to engage in conversation. None of them has so far been proven to 
be effective. Counteracting sleepiness with a nap (a presumably efficient method) was practised 
by those with experience of sleep related crashes or of driving during severe sleepiness, as well 
as by professional drivers, males and drivers aged 46-64 years. The most endorsed means of 
information to the driver about sleepiness was in-car monitoring of driving performance. This 
preference was related to the experience of sleepy driving, not being a professional driver and 
male gender.  

In conclusion, the studies show that sleepiness is a major determinant of impaired driving 
performance, and many drivers need to be educated of alertness enhancing strategies that can 
prevent the negative consequences of driving when wakefulness is reduced.  
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1 INTRODUCTION  

One major cause of road crashes is driver sleepiness (NTSB, 1999). The general aim of this 
thesis is to provide new knowledge on sleepiness and crash risk on the road by investigating 
driver impairment associated with driver sleepiness. In addition, countermeasures will be 
emphasized.   

The introduction of the thesis starts with a section about traffic fatalities and injuries as a 
public health problem and driver sleepiness involvement in crashes; followed by a section 
describing sleep, sleepiness and basic sleep/wake regulation. The next section deals with the 
cause and characteristics of sleep related crashes and finally countermeasures against 
sleepiness are discussed.  

1.1 TRAFFIC FATALITIES AND INJURIES   

1.1.1 A serious public health problem 

According to WHO data (Peden, McGee, & Sharma, 2002) deaths from road traffic injuries 
account for around 25% of all deaths from injury. Worldwide, the number of people killed in 
road traffic crashes each year is estimated at almost 1.2 million, while the number injured 
could be as high as 50 million people (Peden et al., 2004). Injuries including deaths represent 
12% of the global burden of disease, the third most important cause of overall mortality and 
the main cause of death among people aged 1 40 years . Worldwide, injuries including deaths 
are dominated by those due to road crashes. The total number of road traffic injuries including 
deaths are  forecast to rise by approximately 65% between the years 2000 and 2020 (Peden et 
al., 2002).    

Also in Europe road traffic crashes are a major public health issue, claiming about 127,000 
lives per year and about 2.4 million injured people. Road traffic crashes are the leading cause 
of death among young people in Europe and are predicted to increase in countries with low or 
medium income as they become more highly motorized (Racioppi, Eriksson, Tingvall, & 
Villaveces, 2004). The WHO has called for research into improving the evidence base for 
practices in crash notification, trauma care (such as fluid resuscitation and head injury 
management) and rehabilitation, rescue measures (such as the use of helicopters and 
ambulances) and for interventions related to such risk factors as alcohol, fatigue, medicines 
and recreational drugs

 

(Racioppi et al., 2004).  

In Sweden, the government already in 1997 adopted a vision of zero fatalities in road crashes. 
The present trend, however, is not in  line with this vision zero

  

in 2006 in total 445 persons 
were killed, 3,959 were according to official statistics reported as severely injured and 22,677 as 
slightly injured (Vägtrafikskador, 2006).    
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1.1.2 The cause of crashes  

Prevention of road crashes is a major priority in most countries. Prevention requires a clear 
understanding of the causes of crashes. There is no single theory, accepted by the traffic 
research community, that explains driver behaviour and the relation to events resulting in 
injuries and deaths in traffic (Michon, 1985). Therefore an overview of different approaches of 
interest for driver sleepiness is presented.  

Analysis of crash data has led to a number of ways of looking at causes. One such is the 
Haddon matrix (Haddon, 1972). In the matrix, the contributions of human, vehicle/equipment 
and environmental factors (both physical and socio economical) behind the injuries including 
deaths, as well as countermeasures, may be described in the three phases pre-crash, crash and 
post-crash. The major component in crash causation is the human factor (as opposed to 
mechanical failure, weather conditions), involved in around 90 % of the crashes (Glendon, 
Clarke, & Mckenna, 2006).  Some of the key models behind driver behaviour and crashes are 
summarized below.  

Different theories and models have been in focus over the years. There are models saying that 
there are certain groups of drivers who  are more involved in crashes, claiming that this is 
caused  by crash proneness

 

(Glendon et al., 2006; Greenwood & Woods, 1919), and others 
that describe the driver as a victim of a too demanding environment (Rumar, 1985), and those 
that describe motivational aspects of the drivers

 

control of the driving task. Among the latter, 
the most commonly used are the theory of risk homeostasis (Wilde, 1988), Zero Risk theory 
(Näätänen & Summala, 1976) and Threat Avoidance Theory (Fuller, 1984). These approaches 
conceptualize risk either as a quantity to be controlled or as something to be avoided.   

Historically, most driver behaviour models have had a crash perspective. There has been a 
change over the years towards driver behaviour without connection to crashes (Ranney, 1994). 
The starting point of those models is often a control theory (or process) perspective. Rasmussen 
(Rasmussen, 1984) describes the decision and control process in relation to driving with help of 
different hierarchical levels: knowledge-, rule- and skill-based. The difference is mainly due to 
the familiarity of the situation. Reason (1990) complemented this model by adding a 
mechanism to describe the relation between those levels and human errors classified into slips, 
lapses and mistakes. Reason states that a series of planned actions may fail to achieve their 
desired outcome because the actions did not go as planned or because the plan itself was 
inadequate. He divided this into planning, storage and execution .    

Also Michon (1985) structured the driver task into three levels: strategic, tactical and operative. 
At the strategic level, the general planning of a journey is handled; for example, route planning, 
preparation before leaving. At the tactical level, the driver has to perform manoeuvres allowing 
him/her to e.g. make a turn or accept gaps to lead or lag vehicles. Finally, at the operative level 
the driver has to execute simple actions that are automatic, for example, changing the gear, 
turning the steering wheel. At the strategic level time is not a critical aspect for success. Lack of 
time will be more and more important as the task is handled automatically. Ranny (1994) 
combined Rasmussen s and Michon s models into a matrix describing the driver task and the 
demand of information in relation to the drivers' routine and knowledge. The individual s 
behaviour is also influenced by other factors, such as experience, age and gender  (Groeger & 
Brown, 1989). Gender  is associated with several factors as, for example, sensation seeking 
among males (Clarke, Ward, Bartle, & Truman, 2006), overestimation of one's capability 
among young drivers (Gregersen, 1996), driving under difficult conditions (like bad weather or 
driving late at night) (Forsyth, Maycock, & Sexton, 1995). It should be emphasized that the 
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present focus of driver sleepiness has not been included (or discussed) in the models of 
driving. However, since sleep loss, extended time awake and being awake at night have  severe 
negative effects on human performance (see below), it is likely that driver sleepiness will impair 
critical attention and higher cognitive functions

 
(e.g. decision making and risk perception), 

which may result in crashes.   

When the causes of crashes are discussed, the focus is usually, but not always, on the pre-crash 
phase and particularly on the human behaviour. The operative cause of the crash may be 
behaviours such as high speed, dangerous overtaking or inattention. These behaviours could be 
seen as tactical or strategic and may be due to, for example  alcohol/drug intake, lack of driving 
skill; stress, aggression , sensation seeking (Glendon et al., 2006). Alcohol may be the single 
most common cause of road crashes, at least the prevalence of illegal blood alcohol levels 
(>2 ) in the drivers involved in fatal crashes is approximately 25% in Sweden (Ahlm, 
Björnstig, & Öström, 2009). The estimated prevalence of drink driving in Sweden is 0.24 per 
cent (Forsman, Gustavsson, & Varedian, 2007).   

The present thesis brings in another strategic cause of crashes  fatigue or sleepiness. For a long 
time sleepiness related crashes have attracted no official or public interest, since the incidence 
has been considered very low. Figures have varied between 1 and 3 per cent (Larsson & Anund, 
2002; Lisper, 1977; Stutts, Wilkins, Osberg, & Vaughn, 2003). At the same time, scientific 
estimates have found values between 10 and 30 per cent (Connor, Whitlock, Norton, & 
Jackson, 2001; Horne & Reyner, 1995b, 1995c; Maycock, 1997; Stutts, Wilkins, & Vaughn, 
1999).   

In field studies with long term video recording of the driver and the traffic situation (Dingus, 
Neale, Klauer, Petersen, & Carroll, 2006 ; Hanowski, Wierwille, & Dingus, 2003) sleepiness 
was found to be the major cause of self-caused crashes/near crashes. The National 
Transportation Safety Board (US) has pointed out that sleepiness while driving  is one of the 
most important factors contributing to road crashes (NTSB, 1999) and there is a widespread 
scientific consensus on this estimate  (Åkerstedt, 2000). Recently, it was also shown that 
sleepiness may be a stronger cause of road crashes than alcohol and that the two factors interact 
in a dramatic way (Åkerstedt, Connor, Gray, & Kecklund, 2008).    

The discrepancy between scientific data and official statistics is, very likely, due to the lack of 
adequate methodological tools for estimating the cause of the crash, and lack of standardized 
official reporting procedures. Hence, most official registers still do not systematically collect 
relevant information on driver sleepiness/fatigue in crashes.  Exceptions, however, are the 
Canadian police force and some of the US states (Gertler, Popkin, Nelson & O´Neil, 2002). 
Apparently, there is a need for raising traffic research activities to include also 
sleepiness/fatigue. This may be particularly relevant in Sweden, since register studies within the 
area of public health show that sleepiness is a problem that increases among people in 
Sweden (SCB, 2006). In this national survey more than 30% of the women and 20% of the 
men reported sleep problems. It could also be seen that sleep problems are on the increase and 
especially young people are suffering. It is likely that such changes may affect traffic safety.      
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1.2 SLEEP, SLEEPINESS AND SLEEP REGULATION  

A focus on sleepiness and driving requires a discussion of the definition, measurement, and 
regulation of sleepiness and sleep.  A brief introduction is given below.  

1.2.1 Sleep and its measurement 

Sleepiness is a result of changes in several regulatory factors. The most central one is sleep. 
There is no distinct definition of sleep based on behaviour. Carskadon & Dement (1989) made a 
general definition saying sleep is a reversible behavioural state of perceptual disengagement 
from, and unresponsiveness to, the environment .   

Traditionally, recording of sleep is performed with the help of polysomnography (PSG), which 
combines the measurement of brain waves (EEG), eye lid movements (EOG) and muscle tonus 
(EMG) to determine sleep stages. The recorded data are most often scored visually for one or 
two EEG derivations (Rechtschaffen & Kales, 1968). Wakefulness is labelled Stage 0. Sleep is 
divided into REM (rapid eye movement sleep) and NREM (non rapid eye movement sleep). A 
block of REM and NREM takes about 90 minutes and repeats itself several times during sleep. 
NREM is divided into 4 stages. Stages 1-4 are a gradual decrease of frequency and increase of 
amplitude. Stage 1: occurs mainly during sleep onset and when sleep is severely disturbed. 
During this stage alpha rhythms (8-12 Hz) disappear - alpha waves are the normal pattern when 
you relax and close the eyes and it is replaced by theta activity (4-7 Hz). Stage 2: this stage is 
dominated by theta waves. Stages 1 and 2 are called light or superficial sleep. In Stage 2 also 
sleep spindles (12-14 Hz) are observed. Stages 3 and 4 are called slow wave sleep (SWS) and 
here mainly delta (0.5- 4 Hz) activity is seen. The amplitude in stage 4 is more than 75 
microvolts. Stage 4 is reached when more than 50 per cent of a scoring epoch (20 or 30 
seconds) contains high amplitude delta waves. Sleep onset is also characterized by the presence 
of slow eye movements. The physiological characteristic of an involuntary sleep onset, i.e 
dozing off episodes, will be described in section  1.2.2.  

The visual scoring is time consuming and only a fraction of the variability can be recognized by 
the human eye. An alternative way of analysis of EEG is computer based analysis using 
different filter techniques (Rémond, 1979). One way is also the spectral analysis that divides the 
EEG pattern into its component frequencies, for example with help of Fourier transformation 
(FFT).    

1.2.2 Sleepiness 

Aldrich (1989) defined sleepiness as a physiological drive usually resulting from sleep 
deprivation . Another definition is the one by Broughton (1989); the subjective feeling state of 
sleep needed . Kleitman (1963) described sleepiness as involving a succession of 
intermediate states, part wakefulness and part sleepy, in varying proportions . Operationally, 
sleepiness has also been defined as a physiological drive to fall asleep

 

(Dement & 
Carskadon, 1982).   

Fatigue is a related concept and refers to an inability or disinclination to continue an activity, 
generally because the activity has, in some way, been going on for too long

 

(Bartley and 
Chute 1947; Broadbent 1979; Brown 1997; Brown 1994; Grandjean 1979).  Fatigue is often 
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considered to be a generic term, and sleepiness is one of the major sub-components. In this 
thesis the term sleepiness will mainly be used.  

Sleepiness is usually recorded physiologically through polysomnography (PSG). The 
measurement normally focuses on transitions between Stage 0 (wakefulness) and Stage 1 
(Rechtschaffen & Kales, 1968). The multiple sleep latency test (Carskadon et al., 1986) and the 
maintenance of wakefulness test (Mitler, Gujavarty, & Broman, 1982) are regarded as the gold 
standard tests

 

and the outcome measurement is the time until sleep onset (for example the 
epoch of stage 1 sleep).   

However, the sleep latency test and the maintenance of wakefulness test are discrete (often 
measured every second hour during daytime) and not suitable for continuous monitoring. An 
alternative is to use the percentage of time with signs of sleep, for example theta or alpha 
activity and slow rolling eye movements (Åkerstedt, 1990). Both increase with extended time 
awake and sleep deprivation. A sleepiness scoring model of this type was developed by Valley 
& Broughton (1983) using different levels of Stage 1 sleep in order to identify  sleepiness 
before the onset with a higher accuracy. A similar method has been developed by Sallinen and 
co-workers (2004) and a more elaborate one by Santamaria and co-workers (1987).   

The Karolinska Drowsiness Score (KDS) is another method that classifies polysomnographic 
data according to the presence of alpha or theta activity and  slow eye movements (Gillberg, 
Kecklund, & Åkerstedt, 1996; Lowden, Holmbäck et al., 2004).  The classification is performed 
in two-second epochs that yield continuous measurements (0-100%, in steps of 10%, out of 
each 20-second or 30-second epoch).   

Apart from scoring sleepiness visually, it is also possible to use spectral analysis of the EEG 
and similar methods to automatically quantify the amount of alpha and theta activity 
(Armington & Mitnick, 1959; Daniel, 1967; Santamaria & Chiappa, 1987).  

A strong sensitivity to sleep loss is also shown for the EOG based measurements of blink 
duration in laboratory experiments (Caffier, Erdmann, & Ullsperger, 2003) and simulator 
studies (Horne & Baulk, 2004; Ingre, Åkerstedt, Peters, Anund, & Kecklund, 2006). The blink 
duration in an alert normal individual is around 0.10 second  and 0.20 second  when sleep 
deprived (Caffier et al., 2003). The blink duration also seems to be task dependent. Also other 
blink parameters are sensitive to sleepiness. In particular, the delay of lid opening and lid 
closure speed (Schleicher, Galley, Briest, & Galley , 2008) and the ratio of amplitude and lid 
opening or closure (Johns & Tucker, 2005). In Figure 1, some principles of measurements from 
the blink complex are shown. Blink rate as a measurement of sleepiness has been found by 
some to be sensitive  (Campagne, Pebayle, & Muzet, 2005; Summala, Häkkänen, Mikkola, & 
Sinkkonen, 1999). Stern, et al. (1994) reviewed blink rate as a possible indicator of mental 
fatigue. They concluded that blink rate increased as a function of time on task. Blink rate 
normally varies between 10 and 20 blinks per minute. It is often observed that blink rate 
decreases when the visual demands increase or when the task becomes more difficult (Stern et 
al., 1994). Thus, reading may decrease blink rate to 5 blinks per minute. An old study by Drew 
(1951) showed that blink rate decreased when driving in the city, during high traffic density, 
compared to rural highway driving. 
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Figure 1 The principle of some measurements calculated from the blink complex. Blink duration is here 
described as blink duration over half EOG blink complex amplitude; blink amplitude is measured in mv. 
Closing and opening speed are described in unit mv/s.  

However, blink rate is influenced by many factors and therefore lacks specificity when it comes 
to sleepiness. It should also be kept in mind that closing the eyelids does not always coincide 
with the moment of sleep onset (Miles, 1929). Instead of EOG based measurements camera 
based eye movements (Ji, Zhu, & Lan, 2004) could be used to quantify the eye movements. 
Visual cues of sleepiness are the blink complex, including blink frequency, blink duration, long 
closure/open time, gaze and sometimes also saccadic eye movements. This is an unobtrusive 
method highly dependent on the sensor quality and therefore sensitive to for example sunshine, 
the use of glasses. Furthermore, behavioural signs of sleepiness, such as body movements, 
gestures, facial tone and head movements (Wierwille & Ellsworth, 1994) could be used to 
measure sleepiness.  These are also based on cameras and video image analysis or on observer 
ratings.   

Retrospectively performed ratings of subjective sleepiness are the simplest way of measuring 
driver sleepiness. Different rating scales are available but several are of the type Visual 
Analogue Scales (VAS). Normally, VAS is a horizontal line, 100 mm in length, anchored by 
word descriptors at each end, for example very alert

 

to very sleepy . Another method is the 
Stanford Sleepiness Scale (SSS) (Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973) that 
uses a Likert type, 7 step scale from 1= feeling active and vital; alert; wide awake to 7=almost 
in reverie; sleep onset soon; lost struggle to remain awake.   

A similar type of scale is the Karolinska Sleepiness Scale (KSS). KSS ranges from 1-9 and the 
rating step of 7 (sleepy but no problem to stay awake) represents a critical level. Below 7, 
physiological and behavioural signs of sleepiness are rare, whereas they increase considerably 
at the level of 8 and 9 (Åkerstedt & Gillberg, 1990). Studies have shown that changes in KSS 
are closely related to crash risk in driving simulators (Horne & Baulk, 2004; Ingre, Åkerstedt, 
Peters, Anund, & Kecklund, 2006; Reyner & Horne, 1998).   
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The Epworth Sleepiness Scale (ESS) is also a subjective scale, but used to determine trait-like 
(subjective) sleepiness (Johns, 1991). This scale is a method to describe the general level of 
daytime sleepiness during situations such as sitting up reading a book, watching television, as 
passenger in car for one hour without break. It is not suitable for repeated measurements of 
sleepiness.   

1.2.3 Sleep/wake regulation 

The consequence of sleepiness on driving is to a high degree dependent  on deviations from the 
optimal regulation of sleep. The  main purpose of normal regulatory components  (sleep 
homeostasis and circadian rhythmicity) is to provide a high level of alertness throughout most 
of the normal span of wakefulness (Czeisler, Dijk, & Duffy, 1994). Deviations from the optimal 
pattern will result in a suboptimal level of wakefulness. The sleep/wake regulation is discussed 
below, as well as some other influences on sleepiness.  

Sleep regulation  

The basic regulator of sleep is homeostasis. This involves time since last awakening and the 
amount of prior sleep.  With increasing time since prior sleep (Dijk & Czeisler, 1995) and with 
decreasing amounts of prior sleep (Jewett, Dijk, Kronauer, & Dinges, 1999) sleep duration and 
the amount of Slow Wake Sleep (SWS) will increase, while sleep fragmentation and time 
awake will decrease. The structures responsible for this regulation are  the hypothalamus, which 
monitors the level of sleep need, and the thalamus which responds to the interpretation of sleep 
need and drives the sleep process together with the cortex (Saper, Cano, & Scammell, 2005). 
The second regulator of sleep is the biological clock with its main structure situated also in the 
hypothalamus (the suprachiasmatic nuclei - SCN) (Saper et al., 2005). The output of the SCN is 
a rhythmic waxing and waning of metabolism over a period of 24 hours for one cycle. The 
rhythm is present in most physiological systems and key metabolic variables show pronounced 
daytime peaks ( acrophase ), such as cortisol (around 0600h), core temperature (1600h), or 
melatonin (0400h). The low point in the rhythm, called the trough , usually occurs in the 
opposite phase (i.e. 12h from the time of the peak). The effect on sleep is a promotion of sleep 
taken during the hours of low metabolism ( circadian low ) and an interference with sleep 
taken during high metabolism ( circadian high ) (Czeisler, Weitzman, Moore-Ede, 
Zimmerman, & Knauer, 1980).  Essentially, this means that the later the bed time (sleep onset) 
the shorter the sleep will be. Sleep started at 2300h will last for 7-8 hours, while that started at 
1100h will last for 4-5 hours (Åkerstedt & Gillberg, 1981).   

Sleepiness  

With increasing time awake,  subjective alertness and performance capacity will decrease in a 
reverse exponential way towards an asymptote (Fröberg, Karlsson, Levi, & Lidberg, 1972). The 
process is faster in the beginning, and after 24 hours it begins to level off. After 48 hours there 
is very little alertness or performance capacity left. However, a person may be able to stay 
awake for several days more if adequately stimulated, but the level of functioning will be poor 
(Kales et al., 1970). On top of the decreasing trend, functioning is affected by the circadian 
influence, which will increase alertness during the day even if no sleep has been taken during 
the night (Fröberg et al., 1972).  In addition to the circadian influence on sleepiness one should 
also consider the local afternoon reduction in alertness, which appears to have  a rhythm of its 
own (Lavie, 1986). 
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The regulatory influences have been combined to form quantitative models of sleep/wake 
regulation. The original idea was presented by Borbély (1982). The model is based on two basic 
processes; circadian and homeostatic (duration of sleep and time course of slow wave activity).  
Another approach is the Three Process Model of Alertness that was first presented in 1987 
(Folkard & Åkerstedt, 1987; Folkard & Åkerstedt, 1991) and  has been extensively validated.  
The model could be used to present an integrated and quantitative description of the main 
factors that affect alertness and alertness related performance, it could also be used to predict 
alertness from knowledge of sleep/wake patterns or only work pattern. The alertness is 
predictable from three parameters: S, C, and W, see Figure 2.  Process S is an exponential 
function of the time since awakening, is high on awakening, falls rapidly initially and gradually 
approaches a lower asymptote. At sleep onset process S is reversed and called S' and recovery 
occurs in an exponential fashion that initially increases very rapidly but subsequently levels off 
towards an upper asymptote. Process C represents sleepiness due to circadian influences and 
has a sinusoidal form with an afternoon peak.  

Total recovery is usually accomplished in 8 hours. The final component is the wakeup Process 
W, or sleep inertia. Sleep inertia is a post-awakening state that temporarily increases sleepiness. 
Normally, the sleepiness enhancing effect due to sleep inertia occurs during 30-60 minutes after 
the awakening but can be increased if sleep was insufficient or if the awakening took place 
close to the circadian trough (Åkerstedt, Folkard, & Portin, 2004).  

The Three Process Model has been shown to predict crashes with a high sensitivity (Åkerstedt 
et al., 2008).                   

Figure 2 The S (exponential function of the time since awakening), C (circadian influences).     
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1.3 SLEEP RELATED CRASHES  

In order to understand and prevent sleep related crashes it is necessary to describe how 
physiology and behaviour change during sleepy driving and what is the precipitating cause of 
the impaired behaviour involved in a crash.  

Indicators 

The physiological and behavioural changes of sleepiness are previously discussed in a general 
sense. Many of those measurements are applicable also in relation to sleepy driving. 
However, many measurements/indicators are unique to driving or need at least to be modified 
for driving. Finding relevant measurements which describe changes in driving behaviour 
caused by sleepiness is difficult. One reason, suggested by Brown and colleagues already 40 
years ago (1962) was that normal driving is a task with a high degree of automation. 
Therefore, a sleepy driver may manage rather simple driving fairly well, despite the general 
functional capacity being clearly deteriorated. Thus, during simple and automated driving 
negative effects of sleepiness on driving performance will be difficult to observe. However, 
certain critical situations, which probably seldom occur, may be more vulnerable to 
sleepiness. Driving during such situations is more likely to show impairment, even with 
moderate sleepiness, than routine driving tasks (relying on highly automated skills) (Lisper, 
1977). One should keep in mind that our knowledge of the interaction between the driving 
scenario and the sleepiness level is very limited and most of the research involves simple 
driving without introducing more complex and difficult situations.   

An objective way of measuring sleepiness is through driving parameters associated with 
performance impairment during sleepy driving. Commonly used measurements of driver 
sleepiness both in simulators and during naturalistic driving are measures related to 
variability of the lateral position (O'Hanlon & Kelly, 1974; Otmani, Pebayle, Roge, & 
Muzet, 2005; Philip et al., 2005), which increases as the driver becomes sleepy.  Lateral 
position is easily measured in simulators, but is more difficult to track on real roads due to 
sensor limitations. A measurement based on already existing sensors is the steering wheel 
reversal rate. However, this is a measurement not easily computed since it requires an 
identification of the maximum and minimum in the signal. A variety of thresholds have been 
used (Otmani, Pebayle et al., 2005; Wierwille, Ellsworth, Wreggit, Fairbanks, & Kim, 1994) 
showing different results. Speed deviations (from the posted limit) has also shown some 
relation with sleep loss (Arnedt, Wilde, Munt, & MacLean, 2001; Campagne et al., 2005), but 
may also be influenced by many other factors. Many of the variables referred to above have 
been tested in support systems for drivers in order to warn of impending danger due to high 
levels of sleepiness (Dinges & Mallis, 1998).   

The measurement of brain waves has been another variable of choice when  sleepiness at the 
wheel is investigated. Spectral analysis of the EEG seems to dominate the sleepy driver 
studies in this sense (Lal & Graig, 2002). However, the spectral content of the EEG does not 
involve a definition of sleep, which would be helpful in making estimates of sleep in the 
evaluation of results. As mentioned in the discussion of sleepiness measurements, there are 
several approaches (Åkerstedt, 1990; Sallinen et al., 2004; Santamaria & Chiappa, 1987). 
Another methodological problem is that the EEG signal often contains a lot of noise, mainly 
due to movements. Thus, removal of noise due to artefacts may cause quite large data loss 
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which makes it unfeasible for an automated sleepiness detection and warning system. Results 
from simulator studies show that, among the physiological parameters, increased frequency in 
the alpha and theta bands of the EEG seem to be parameters of interest (Horne & Baulk, 
2004; Horne & Reyner, 1999; Sarah Otmani, Joceline, & Alain, 2005), but also parameters 
based on blink behaviour (Wierwille & Ellsworth, 1994). Especially eye blink duration is 
sensitive to variations in alertness and may involve increased duration of eye blinks (Dinges, 
Maislin, Brewster, Krueger, & Carroll, 2005) or slow rolling eye movements when driving 
(Åkerstedt et al., 1990).  

Another observation in previous research is that controlled sleep deprivation has been used to 
induce sleepiness and the overall behaviour (during the entire drive) of sleepiness variables has 
been observed and conclusions on physiological and behavioural changes have been drawn . 
However, there are very few studies that have attempted to describe the detailed physiological 
and behavioural changes that immediately precede an event of interest, that is,  a crash or a lane 
departure (defined as a two wheels outside the road). Such detailed information can be  
recorded in well-controlled simulator studies. In simulators it is possible to obtain data on what 
precedes dangerous driving, e.g. is there a clear sleepiness event in the pre-incident phase, as 
well as to provide a deeper understanding of the relation between sleepiness and near-crash 
incidents, which sometimes would lead to a crash. One wonders, for example, if sleep intrusions 
in the waking EEG, long eye closure durations, or lane drifting appear immediately before a 
crash. What are the dynamics of sleepiness indicators: is the sleepiness attack abrupt and rapid 
or does it develop slowly? Is the driver aware of the sleepiness level?  The latter is suggested by 
Reyner et al., (1998). The same group also indirectly shows that driving incidents, in a 
simulator, occur at high levels of alpha plus theta activity, but they do not explicitly describe the 
changes leading to an incident or a crash.  

1.2.1 Factors behind sleep related crashes  

Earlier, the main causes of sleepiness were discussed in a general sense. Here I focus on what is 
known about the specific causes of sleep related crashes or, at least, of sleepiness at the wheel.   

The present thesis is not focused on sleep disorders as a cause of crashes, but these disorders 
clearly constitute one important cause. Thus, sleep apnoea and insomnia (George, 2007 ) are 
associated with increased levels of road crashes. It has also been shown that drivers with 
untreated sleep apnoea have an increase in risk of  lane departures (Philip et al., 2008) and there 
have  been several international consensus documents establishing the importance of 
obstructive sleep apnoea as an important factor behind road crashes (Alonderis et al., 2008). 
Insomnia does not seem to have been studied in this respect.   

Work hours and sleep habits seem to be equally important factors. For example, night driving 
increases crash risk several fold (5-6 times) (Åkerstedt & Kecklund, 2001; Connor et al., 2001; 
Horne & Reyner, 1995b). Night shift work is also associated with increased reported sleepiness 
(Åkerstedt, 1998; Mitler, Miller, Lipsitz, Walsh, & Wylie, 1997) and studies have shown that 
train drivers (Torsvall & Åkerstedt, 1987), truck drivers (Kecklund & Åkerstedt, 1993; Mitler et 
al., 1997), pilots (Samel et al., 1997), process operators (Torsvall, Åkerstedt, Gillander, & 
Knutsson, 1989), and others, show clear intrusions of sleep like EEG patterns when working at 
night. The latter has also been demonstrated in a truck simulator (Gillberg et al., 1996). Also 
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driving home after a night shift is associated with at least a doubling of the risk of a crash (Gold 
et al., 1992; Stutts et al., 2003).  However, no studies seem to be available  on driving 
performance or physiological indicators of sleepiness. The present thesis will bring up this topic 
in two of the studies (Study I and II).  

The crash risk is also higher with increased duration of driving (Hamelin, 1987). However, the 
effects are confounded with other factors like time of day, time awake, and prior sleep, which 
often covary with the duration of driving. Recently, however, Sagaspe et al., demonstrated, with 
appropriate control of confounding factors, a pronounced impairment with increasing duration 
of driving at night (Sagaspe et al., 2008).  

Sleep duration would be expected to be related to increased crash risk but very few studies 
exist. A study by Connor et al., (2002) showed that sleep <5h was associated with a doubling of 
the crash risk. With respect to simulator studies of sleepy driving, virtually all such seem to 
have been based on manipulation of prior sleep  total or partial sleep deprivation.   

The risk of sleepiness related crashes is strongly related to individual differences. Young 
drivers, for example, are more frequently involved in road crashes (Åkerstedt & Kecklund, 
2001; Corfitsen, 1994; Langlois, Smolensky, Hsi, & Weir, 1985; Pack et al., 1995). Young 
drivers (18-24 years) had 5-10 times higher risk of being involved in a traffic crash late at night 
than older drivers. Age differences in driving performance have been observed in earlier studies 
(Campagne, Pebayle, & Muzet, 2004; Otmani, Joceline, & Muzet, 2005).  These studies 
suggested that young drivers are more susceptible to sleepiness than older drivers. The reasons 
are not clearly established as to why young drivers show an excess risk of having a crash late at 
night but factors related to self-confidence, risk-taking and drug use have been suggested 
(Gregersen & Bjurulf, 1996).  The increased night-time risk for young drivers may also be 
related to increased exposure of car driving during this time of the day. Another very likely 
reason is sleepiness (Connor et al., 2001; Cummings, Koepsell, Moffat, & Rivara, 2001). It has 
been a hypothesis that young drivers more easily fall asleep/nod off in sleepy situations and in 
connection with  sleep loss than older drivers (Åkerstedt & Kecklund, 2001; Sagaspe et al., 
2007). However, very few studies have studied age effects in connection with o night driving.  

Closely related to age is the age of the driving licence. Individuals with a recently obtained 
licence  are involved in a disproportionately high number of crashes (Ferguson, 2003; Laapotti 
& Keskinen, 1998).   

Most studies are carried out using simple driving simulators and with a relatively boring and 
monotonous scenario without other vehicles on the road that may require actions (Horne & 
Reyner, 1995c; Ingre, Åkerstedt, Peters, Anund, & Kecklund, 2006). The effect of time on task 
has been proven to be task dependent, in comparisons of  a simple vigilance task with a 
monotonous driving task in a simulator (Richter, Marsalek, Glatz, & Gundel, 2005). It could by 
hypothesised that this would also be true if the simple scenario in a simulator was compared 
with a more complex one. Philip et al.,  (2005) concluded in a comparative study that sleepiness 
can be studied equally well in real and simulated driving conditions. The effects are the same 
except that the simulator will show more frequent line crossings and road departures compared 
to the real environment. One explanation for this could be the difference in complexity in the 
driving scenario. On the one hand, a more complex scenario will also be more sensitive and 
vulnerable to sleep loss. On the other hand, a complex scenario may also be more stimulating 
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and activating compared to monotonous driving. Thus, it is difficult to predict how the driving 
scenario will affect sleepiness and vice versa. In addition, naturalistic driving often includes 
both monotonous driving and more complex situations characterized by higher traffic intensity 
and more active driving. It may also be that sleep deprivation impairs driving performance for 
complex driving tasks, e.g. the distance to cars one has to follow can decrease (with increased 
risk of collision with oncoming vehicle) and unsafe overtaking can occur more frequently. As 
far as we know no one has been taking into account the lack of complexity in the driving 
scenarios. This is clearly needed in order to ensure that simulator studies may be used for 
generalization to real driving.    

1.4 COUNTERMEASURES   

Considering the central role of sleepiness in crash causation, knowledge of the use of 
countermeasures is an important issue. One may structure countermeasures in three levels 
according to Michon (1985) i.e. strategic, tactical and operative levels as shown in Table 1.  

Table 1 Examples of countermeasures at a pre-crash level according to the Michon model (1985).  

Strategic Tactical Operative 
Fatigue management   
      systems  

 Driver support system 
(feedback  warning)  

Rumble strips 

 

Hours of service 
regulations  

Road signs  Driver support systems 
(warning  & intervention)  

Information/Education  Parking areas   

Strategies for planning  Route guidance to 
parking areas  

Fit for duty test   
Enforcement/Control   

  

With respect to the strategic level countermeasures, one should obviously avoid night driving 
and make sure sufficient amounts of sleep have been obtained before driving. Here, for example 
Fatigue Management Programs and work scheduling for professional drivers play a major role 
(Dawson & McCulloch, 2005). In most countries there are hours of service (HOS) regulations. 
However, those do not take into account the underlying problems (circadian and sleep/wake 
pattern). In a review of theories it was argued that the most promising solutions would be to 
shift from a focus on HOS regulations to a Safety Management System (SMS) in which fatigue 
is one component (Dawson & McCulloch, 2005). The suggested theoretical framework was 
represented using Reason s hazard control framework (Reason, 1977) and regarded a fatigue 
related incident or crash as the final segment in a causal chain of events or error trajectory. The 
model precedes the fatigue related incident for which the hazard and the control are identified 
on four suggested levels (sleep opportunity-actual sleep obtained-behaviour symptoms-fatigue 
related errors).  
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However, more effective countermeasures at the tactical and operative level, during actual  
driving, are less obvious. No studies seem to exist in the public domain of what effective 
countermeasures are used. Anecdotally, it appears that actions like opening a window, turning 
on the radio, or taking a break may be common. However, laboratory studies indicate that these 
three suggested countermeasures, including exercise during the break, do not improve alertness 
(Horne & Reyner, 1996; Lisper, 1994). Horne and Reyner have demonstrated that caffeine and 
taking a brief nap (<30 minutes) significantly reduce driving impairments, subjective sleepiness 
and electroencphalographic (EEG) indications of drowsiness (Horne & Reyner, 1996). The 
dramatic alerting effects of these behaviours have also been demonstrated repeatedly in 
laboratory studies with other performance measurements (Tietzel & Lack, 2002; Wesensten, 
Killgore, & Balkin, 2005). A matched case-control study indicated that the crash risk was lower 
for drivers who used highway rest stops, drank coffee within the last two hours or played a 
radio while driving compared to those who did not. (Cummings et al., 2001). Bright lights 
suppress melatonin, which peaks at the late night hours (Bjorvatn et al., 2007; Lowden, 
Akerstedt, & Wibom, 2004). However, it may be difficult to administer bright light in the car 
without   impairing other aspects of vision.  

Apart from the interest in understanding what countermeasures are used, one also needs to 
know whether the use of countermeasures differs between different driver groups. Inappropriate 
use of countermeasures may be related to long term risk of crash. This type of knowledge may 
aid in identifying vulnerable groups that do not know how to handle sleepiness while driving. 
Age is probably such a factor because of its close relation to crash risk and risk behaviour, the 
group in focus being young drivers (Galvan, Hare, Voss, Glover, & Casey, 2007; Horne & 
Reyner, 1999). Gender is another factor, with greater risk attached to males (Åkerstedt & 
Kecklund, 2001). One may also hypothesize that experience of drowsy driving and sleep related 
crashes, shift work, and being a professional driver may influence the use of countermeasures.  
The reason for this is that these characteristics may be associated with a greater awareness of 
the dangers of sleepy driving. Higher education and old age may also be associated with greater 
insights of sleepy driving and how to handle it. There is also a need to consider that there may 
also be individual preferences regarding countermeasures.  

Apart from driver initiated countermeasures one may also consider various types of information 
to the driver about fatigue risks in driving. Information in media could be one such way. Public 
campaigns along the roads may be another one. Information in connection with the annual 
vehicle safety inspection may be a third. In addition, there has been considerable development 
in the area of driver support systems, focused on feedback on hazardous driving in terms of 
impaired lateral control (Brookhuis & de Waard, 1993; Dinges & Mallis, 1998) or focused on 
the physiological state of the individual sleepiness (Åkerstedt & Folkard, 1997; Horne & 
Reyner, 1999; Wierwille & Ellsworth, 1994). Since driver support systems are associated with 
sizeable investments by society and/or manufacturers, it would be of interest to investigate the 
attitude among end-users towards such countermeasures, as well as to study whether 
background factors are related to such attitudes.   

Another more systematic public intervention approach, not based on individual preferences, is 
the so called rumble strips . A rumble strip refers to a narrow band of built-in unevenness in 
the road surface, normally placed close to the edge line and/or at the centre line. The purpose is 
to cause vibrations or noise when a wheel of the vehicle makes contact with the rumble strip. 
The rumble strip may be profiled (raised) above the road surface or milled into the road surface, 
see, Figure 3.  
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Figure 3  Rumble strip milled into the road surface at the shoulder.   

Rumble strips have been systematically evaluated in several studies and the introduction of 
rumble strips at the centre line has reduced crashes by approximately 15% and the effect of 
rumble strips at the shoulder is  even more positive (40 - 50%) (Anund, 2005; Mahoney, 2003; 
Persaud, Retting, & Lyon, 2003). While the reason for this may be a re-direction of attention in 
alert distracted drivers, it seems likely that an alerting effect in a sleepy driver also may be as 
important. However, there is no detailed information available on what actually happens before 
and after a drowsy driver makes contact with the strip. Is there an increase in indicators of 
sleepiness before the hit, and, if so, do they subside afterwards, and for how long?     

1.5 AIM  

To summarize, there is obviously a need for new knowledge in many areas of sleepiness behind 
the wheel. The general aim of the thesis was to explore the relation between driver sleepiness 
and driver impairment and the changes that precede a crash or a similar safety-critical event, 
but also what constitutes good reliable behavioural / physiological measures of sleepiness. A 
second question concerned particular groups and situations 

 

is post-night shift driving 
characterized by increased sleepiness, is more complex driving also affected by sleepiness, and 
are younger drivers affected by sleepiness behind the wheel more than older drivers? A third 
question concerned countermeasures. What are the preferred self-administered 
countermeasures and what are the effects of the structural countermeasures like rumble strips?      
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The present thesis will focus on six major questions: 

1) What characterizes the relation between driver sleepiness and driver impairment and the 
changes that precede a crash or a similar safety-critical event (e.g. a lane departure) and what 
constitutes good, reliable, behavioural / physiological measurements of driver sleepiness? 

2) How does age influence sleepiness during night time driving? 

3) How is post-night shift driving characterized in terms of increased sleepiness and how does 
this affect driving performance? 

4) How is a more complex driving scenario affected by sleepiness?  

5) Which are the preferred self-administered countermeasures and is the use of these 
measurements related to individual characteristics such as age, gender, experience of sleepy 
driving, habitual sleep quality. 

6) What are the effects of rumble strips on physiological and behavioural indicators of 
sleepiness?  
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2 METHOD   

2.1 SUBJECTS 

Studies I, II, III and V are based on results from four different driving simulator studies. The 
subjects were recruited by advertisement in the local newspaper or at the web site of the 
Swedish Road and Transportation Research Institute.  In all studies except study III the drivers 
drove the simulator twice. The compensation varied between 110 -220 depending on number 
of visits to prepare or to drive the simulator. The number of subjects varied in the driving 
simulator studies; however the distribution between genders was almost equal, as shown in 
Table 2.  

Table 2 Number of subjects, distribution between gender, driver group and routines for recruiting.  

Study Male Female Age (sd) Time driven 

 

during one 
condition 

Driver 

group 

Compensa
tion 

I 5 5 37 (12) 120 minutes Shift workers 110 

II 8 9 43 (2) 60 minutes Shift workers  220 

III 16 19 36 (8) 90 minutes Shift workers 160 

V 10 10 22 (2) 

60 (3) 

90 minutes 10 (age:18-24 ) 

10 (age:55-64) 

200 

 

Study IV is a questionnaire study addressed to 3,041 car owners randomly sampled from the 
national register of car owners. The overall response rate was 62 percent. 
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2.2 DESIGN AND SCENARIO 

For studies I, II, III and V an advanced moving base driving simulator1 was used, see Figure 4.  
The car body consisted of the front part of a Volvo 850 with a manual 5 shift gearbox. Noise, 
infra-sound and vibration levels inside the cab corresponded to those of a modern car. There 
were three channels of forward view of a total of 120° x 30° from the subject s position in the 
simulator. The driving simulator model has been extensively validated (Aurell, Andersson, 
Fröjd, Jerand, & Nordmark, 1999; Aurell, Nordmark, & Fröjd, 2000; Jerand, 1997).                     

Figure 4 Moving base driving simulator (version III) at VTI, Sweden.  

Three of the simulator studies (studies I, II and V) used a within-subject design, in which all 
subjects participated across all conditions. The order between the baseline (no sleep 
deprivation) and sleep deprivation condition were balanced for subjects and gender. The drivers 
visited the simulator twice: once after a night's sleep and once after no night sleep. In studies I, 
II and III the subjects arrived directly after a night of regular work during the sleepy condition. 
There were at least 3 days between the alert (baseline) and sleepy (sleep deprivation) 
conditions. In study V, the subjects arrived late in the afternoon and drove in the alert condition 
in the afternoon/early evening. They stayed at the laboratory and drove in a sleepy condition 
late at night.   

The scenario used for studies II and III was almost the same, with a rural road, 9 metres width 
and with milled rumble strips both at the centre line and at the shoulder (Table 3).  For study I 
the scenario was similar, but with an even narrower road and without rumble strips. For study V 
the scenario used was a motorway with 2 lanes in each direction and with a speed limit at 110 
km/h.  

                                                

 

1Swedish National Road and Transport Research Institute (VTI) 
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Table 3 Scenario used in driving simulator studies described in studies  I, II, III and V.  

Study Road 
Width 
(m) 

Lane 
Width 
(m) 

Hard 
Shoulder 
(m) 

Signed 
speed limit 
(km/h) 

Rumble strips 

 
hard 

shoulder 

Rumble 
strips 

 
centre line 

I 8.2 3.6 0.5 90 No No 

II 9 3.75 0.75 90 Yes Yes 

III 9 3.5/3.25 1.0 / 0.5 90 Yes Yes 

V 2 lane motorway 110 Yes No 

 

In all simulator studies the road had a smooth curvature with high friction and dry summer 
conditions. The ambient light conditions corresponded to daylight; cloudy but with good 
visibility (Figure 5).                  

Figure 5 Example of scenarios used in study III (left) and study II (right) (The number was not visible for 
the driver)  

In studies I and III there was oncoming traffic, but no vehicles in front. The scenario was the 
same during the whole drive. The latter was also true in study V, but here there was no other 
traffic on the motorway. In studies II, III and V the sound and vibrations from real milled 
rumble strips were reproduced in the simulator.   

For study II the scenario was not consistent through the drive. The scenario was repeated every 
9,800 metres and yielded 9 identical laps . For each lap three different types of scenarios were 
designed; free driving without any slower vehicle on the road ahead, catching up with a slower 
vehicle, with or without visible oncoming vehicles. Furthermore, in study II a bus parked on the 
right hand side was passed twice, once without information beforehand (lap 4) and once with 
information in the vehicle 600 metres before (lap 9) (Figure 6).   



  

22

            

Figure 6 In-vehicle information of school bus ahead.    

2.3 PROCEDURE 

The procedure in the studies (Studies I, II, III and V) was more or less the same.   

Before arrival   

About one week before the experiment, the subjects received documents describing the 
experiment and how they should prepare before arriving.   

For studies  II, III and V the drivers were instructed : not

 

to drink alcohol for 72 hours before 
the experimental day, not to eat, drink coffee or tea for 3 hours before arriving at the laboratory 
and not to use make-up. They were also informed about how to use the subjective Karolinska 
Sleepiness Scale (KSS) (Åkerstedt & Gillberg, 1990).  

In order to control that the sleep / wake restrictions were adhered to, the subjects were 
monitored through actigraphs the day before the experiment (studies III and V, however, the 
results are not reported in the studies). For study I only sleep/wake diaries were used and for 
study II the drivers sent SMS at 02h and 04h in order to ensure wakefulness  

On arrival  

On arrival, the drivers were taken to the laboratory. The subjects received verbal information  
on what was going to happen during the experimental day. They filled out background 
questionnaires, if not already done at home, and informed consent forms. Then the electrodes 
for the physiological measurements were applied. For studies II, III and V a modified version of 
the KDT preceded driving. During the KDT the subjects were seated with their eyes open, 
focusing on a stimulus (dark circle) placed on the wall approximately 50 cm from the head or at 
the simulator screen 3 metres ahead. The duration of the KDT varied between 3 and 5 minutes 
for the different studies. In addition, a bio-calibration of the physiological signals was carried 
out before the experiment started.   

Driving  

The drivers were then taken to the driving simulator, the recording equipment was connected 
and an instruction was read to the driver. Before the experiment started the subjects carried out 
a 10 minute test drive (Studies II, III and V). In study I, the subjects practised  for 20 minutes. 
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During the drive there was no communication between test leader and subject. The subject 
reported the KSS once each 5th minute. The reminder was displayed on the screen in front and 
the subject reported the rating verbally. The subject was restricted not to: have mobile phones, 
listen to radio or music, to smoke or use snuff.   

After driving  

The subjects filled out post questionnaires after each driving session, in order to capture their 
experience of the drive.  

In study V the subjects stayed at the laboratory during the night, without sleep and supervised 
by an experimenter until the next drive. They were served dinner at about 00.30 h and the first 
driver drove a second time between 02.30 h and 04.00 h, followed by the second driver between 
04.00 h and 05.30 h.  

For driving after night work condition (studies I, II and III) the subjects were brought to the 
laboratory and back by taxi. This was also true after the experiment presented in study V.     

2.4 MEASUREMENTS  

2.4.1 Physiological sleepiness and scoring 

A Vitaport II system was used to record the EOG (electrooculogram), EEG 
(Electroencephalogram) and EMG (electromyogram). The electrodes used for EOG and EMG 
were of the disposable Ag/AgCl type. The two EMG electrodes were placed under the chin. The 
EEG was measured through three bipolar derivations positioned at Fz-A1, Cz-A2 and Oz-Pz. 
The electrodes were silver plated and not disposable. Six electrodes were used to record the 
EOG; 2 vertical (left and right) and one horizontal. The EOG was DC-recorded. The sampling 
frequency was 512 Hz for the EOG/EMG and 256 Hz for the EEG. This was true for all studies 
except study I, which used a sampling rate of 128Hz with a bandpass filter set at 0.3-25Hz.    

EOG  

EOG was a measurement used in studies I, II, III and V. Raw data were analyzed with a 
modified MATLAB program developed by the Centre for Applied and Environmental 
Physiology in Strassbourg (Sharabaty, 2008).  It essentially comprises a low pass filter to 
establish a stable baseline for the signal, establishing a threshold that has to be exceeded to 
score a blink (done visually), with definition of the start/end of the blink based on slope and 
with computation of blink duration at midslope. To reduce problems with concurrence of eye 
movements and eye blinks, blink durations were calculated by finding the half amplitude of the 
upswing and downswing of each blink and computing the time elapsed between the two.   

EMG  

The EMG signal was used to detect artefacts in the EEG due to facial muscle activity, e.g. 
yawning.  
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EEG and KDS  

EEG was a measurement used in studies III and V.  EEG and EOG data were scored visually 
for sleep-related patterns using conventional criteria  (Rechtschaffen & Kales, 1968). Twenty 
second epochs were divided into 10 steps of 2 seconds each, scored with respect to whether 
alpha waves (8-12 Hz), theta waves (4-8 Hz), and slow rolling eye movements occurred. Slow 
eye movement (SEM) is defined as a slow, rolling excursion of the EOG of at least 100 µV 
amplitude that lasts >1 second (Torsvall & Åkerstedt, 1988). Each epoch was assigned a value 
between 0-100% based on the proportion of signs of physiological sleepiness. This score is 
called Karolinska Drowsiness Score (KDS). For example, an epoch which includes

 

three 2-sec. 
segments with physiological sleepiness would be represented by the KDS value 30% (Gillberg 
et al., 1996). The KDS has been validated against performance and subjective ratings in study 
V. Epochs including more than 50% of artefacts were removed from the analysis.    

2.4.2 KSS 

The KSS (Åkerstedt & Gillberg, 1990) ranges from 1-9 where 1= very alert, 5=neither sleepy 
nor alert, 7=sleepy but no effort to remain awake, and 9=very sleepy, an effort to stay awake, 
fighting sleep. The scale was modified to have labels also on intermediate steps, as shown in 
Table 4. It is well validated against other measurements of sleepiness. (Åkerstedt & Gillberg, 
1990).  Subjective sleepiness was rated by the subjects every 5 minutes (studies I, II, III and V) 
prompted by an instruction displayed on the windscreen, with the response given orally, using 
the scale pasted to the steering wheel.  The drivers were trained beforehand and the instruction 
was to report a value corresponding to the feeling during the last 5 minutes.   

Table 4 KSS with verbal descriptions at each step  

Rate Verbal description 
1 extremely alert 
2 very alert 
3 alert 
4 rather alert 
5 neither alert nor sleepy 
6 some signs of sleepiness 
7 sleepy, but no effort to keep alert 
8 sleepy, some effort to keep alert 
9 very sleepy, great effort to keep alert, 

fighting sleep 

   

2.4.3 Driving behaviour 

Driving behaviour was sampled at different frequencies in the four driving simulator studies. In 
study I it was 12.5 Hz, in study II 10 Hz, in study III and in study V 33.33 Hz. The maximum 
sampling rate in the simulator is 200 Hz. Depending on the aim, a different frequency was 
selected (all divisible by 200). Also different measurements of driving behaviour were  used as 
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shown in Table 5. Lateral position was analyzed in all driving simulator studies. Speed was 
analyzed in studies I, II and V. In study I steering wheel angle and time to line crossing were 
used. Events in terms of lane departures were used in studies I, III and V. The definition used 
was either close to an incident or a crash. In study I, both were included.  

Table 5 Driving behaviour measurements used in study I, II, III and V  

Study Speed Lateral 
position 

Steering 
wheel angle 

Time to 
line 
crossing 

Lane departure 
events

 

I mean, sd mean, sd mean, sd mean Four wheels 
outside the left 
or right lane 
marking 
( accident ) and 
2 wheels outside 
the lane 
markings 
(incident) 

II mean mean, 
minimum, sd 

NA NA NA 

III  mean, sd NA NA Two wheels 
touching the 
milled rumble 
strips in centre 
line or on the 

 

shoulder 

V mean, sd mean, sd NA NA Two wheels 
touching the 
centre line or 
edge line 

 

NA=not applicable  
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2.4.4 Questionnaires  

Studies I, II, III and V  driving simulator  

Inclusion criteria, background questionnaires and sleep and wake diaries were used in all four 
driving simulator studies. After each driving session, the drivers filled out a post questionnaire, 
in order to capture their experience of the simulator, their self experienced performance and for 
studies II and III also their opinion about rumble strips.   

Study IV  questionnaire  

Study IV was based on a questionnaire using knowledge received from three focus group  
discussions; one with young drivers, one with professional drivers and one with middle aged 
commuters (Anund, Kecklund, & Larsson, 2002). The definition of sleepy or sleepiness 
was given to the subjects: By sleepy or sleepiness we refer to situations when you as a 
driver have to make efforts to stay awake while driving . The questionnaire consisted of 38 
questions divided into the following parts; background, health and sleep, what makes drivers 
become sleepy, experiences of being sleepy while driving, experience of sleep related crashes, 
the awareness of sleepiness signals, and finally actually used and potential countermeasures. 
Most of the response options on the questions about health and sleep were given on a 
semantic differential scale from 1(=very bad) to 5(=very good) with anchored end points.   

In order to capture the driver s knowledge of efficient and lasting countermeasures, the drivers 
were asked if they normally do anything to reduce their sleepiness or to be more alert while 
driving . They were presented a menu of 22 different items and asked to tick  those alternatives 
that corresponded to what they would normally do. The items presented to the respondents were 
chosen based on the discussions within the focus groups and from the results from the test 
questionnaire.  No limit was set on the number of items that could be ticked. Questions related 
to the drivers attitude to the means of information were structured in the same way.    

2.5 STATISTICS 

The statistical analyses normally comprised 2 and 3 factor ANOVAs with repeated measures. 
The results were corrected for sphericity using the Huyhn-Feldt method. The factors were 
condition (night sleep vs. no sleep), time on task (most often described within 5-minute  
intervals) (studies  I, II and III).  

For comparisons of crashes and incidents in between conditions (study I) Wilcoxon s non-
parametric test was used because of skewed distributions.   

In study II lap (1-8) was used as time on task and situation , that is, driving scenario (free 
driving vs. car following) was also included as a factor in the ANOVA.  

In addition, in study V a mixed model (GLM) was used with a fixed factor also for age 
(young/older) and subject as random factor. In order to analyze the risk of lane departure at 
different levels of KDS sleepiness a Cox regression was performed. The Cox regression is 
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based on a survival function and in this case the event was considered to be the lane departure 
(2 wheels at least touching the lane boundaries). An enter method was used. To minimize 
problems with unbalanced data, only data up to and including the fifth lane departure for each 
subject were used. The time dependent covariate (T_Cov) was set as a function describing 
whether specific data were obtained from before the first lane departure, from between the first 
and the second lane departure, from between the second and third lane departure and so on. The 
covariates were the time driven and KDS level.   

For the questionnaire study (study IV) logistic regression was used in order to relate use of 
efficient countermeasures to age, gender , education, professional driving, being a shift worker, 
having experience of sleepiness while driving, sleepiness-related crashes, persistent sleepiness, 
snoring or reduced sleep quality or sleep less than 6 h during normal working days. In a first 
step, a univariate model was used. Secondly, variables with significant odds ratios were 
included in a multivariate logistic regression (forward stepwise approach). The same analysis 
approach was used for questions related to information about awareness of driver sleepiness.  

For other comparisons in all five studies, paired t-tests were used.  

All analyses were carried out with SPSS (versions 14.0 and 15.0). All tests used a significance 
level of =0.05.     
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3 RESULTS  

Impaired alertness and performance driving home from the night shift: a 
driving simulator study (Study I)  

One safety-critical situation for shift workers is going home after the night shift. Study 1 is a 
driving simulator study with the aim to investigate driver impairment during a simulated drive 
home from a night shift.   

The results showed that driving home from the night shift was associated with an increased 
number of incidents (2 wheels outside the lane marking, from 2.4 to 7.6 times). After the night 
shift they also had a decreased time to first accident, increased lateral deviation (from 18 to 
43cm), increased eye closure duration (0.102 to 0.143sec), and increased subjective sleepiness. 
The drivers rated higher sleepiness (KSS) after the night shift compared to after normal night 
sleep (F=60.1; p<0.001) for condition, F=38.2; p<0.001 for time, and F=2.1; p< 0.05 for 
interaction), as shown in Figure 7.                          

Figure 7 Mean of KSS, blink duration and incidents; variability of lateral position during the drive 
(minutes 5-65). The bars represent the SE. N denotes no sleep while B denotes baseline, i.e. normal sleep.     
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Thus, sleepiness was higher after the night shift, increased across time and increased faster after 
night sleep. The results indicate severe post-night shift effects on sleepiness and driving 
performance. Driving in the early morning is associated with increased accident risk, affecting 
not only professional drivers but also those who commute to work.   
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The effects of sleep loss on driving behaviour and sleepiness in a complex 
traffic scenario  a simulator experiment (Study II)  

The main question of Study II was to study the effect of sleep loss and time on task, on eye 
closure duration; KSS and variability of lateral position in a more complex driving situation 
than typically seen in driving simulator studies.   

The pattern of results was similar to previous studies in monotonous settings. The results 
showed an increase in eye closure duration, lateral variability and subjective sleepiness due to 
sleepiness both in the free situation and in the car following situation.   

The effect of lap was significant for all measurements except for variability of blink duration. 
Blink duration and variability of lateral position increased, but also the lateral position and its 
minimum increased across laps. There were no major significant interactions. Since the data 
suggest a start-up effect, an analysis was also carried out with the first lap removed. This caused 
the significant effects of lap to disappear for blink duration (F=2.59; p=0.075), speed (F=1.990; 
p=0.099) and variability of lateral position (F=0.991; p=0.421).  

Lateral position and minimum of lateral position were closer to the edge line during the free 
driving situations compared to car following situation. During the following situation the 
variability in distance to the car ahead was 15.91 metres (sd 4.31 m) after night sleep and 15.80 
metres (sd 4.72 m) after no sleep. The difference was not significant (t(15)=0.085; p=0.934). 
Fifteen subjects overtook at least one car both after night sleep and after no sleep. Among those 
there were 175 events of overtaking during laps 2-8.  There were 5.93 (sd 1.94) overtakings 
after a night sleep compared to 5.73 (sd 1.83) after no sleep. The difference was not significant 
(t(14)=0.284; p=0.781). No changes in blink duration were seen between no sleep and night sleep 
condition during overtaking, see Figure 8. However, blink duration (mean and variability) was 
shorter during overtaking compared to other situations.      

Figure 8 Mean blink duration (mean and sd) during situations free, car following and overtaking. Error 
bars represent SE.   

A night of prior sleep loss will increase levels of established indicators of sleepiness at the 
wheel even if the driving situation requires frequent interactions with other cars on the road.  No 
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of situation.  The effect of in-vehicle information beforehand on the presence of a school bus 
was significant under both conditions.  Information caused speed to be reduced.  

Compared to studies using only a monotonous scenario the level of variability of lateral 
position, blink duration and subjective sleepiness show a tendency to be lower in the more 
combined and complex scenario. The blink duration during the no sleep condition in the present 
study started at around 120 ms and was at its maximum, 140 ms, after no sleep. In study I it was 
also 120 ms in the beginning of the drive during the no sleep condition but around 150 ms 
towards the end of the drive. The same was seen for KSS which in the simpler scenario is about 
KSS 9 in the final end compared to slightly under 8 in the present study. These findings may 
reflect lower sleepiness in the present study due to the more challenging scenario. In 
conclusion, a more demanding driving scenario did not seem to increase sleepiness or driving 
impairment during sleep loss conditions, contrary to the hypothesis.      
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Effect of milled rumble strips on sleepy drivers: a driving simulator study 
(Study III)  

One potential countermeasure against the risk of sleepy driving are milled rumble strips in the 
centre of the lane or at the edge line, or both. However, the effect in terms of changes in 
sleepiness and the lasting effect are not known. Thus, the purpose of Study III was to 
investigate if behavioral, physiological and subjective indicators of sleepiness were increased 
before contact with a milled rumble strip, if sleepiness was reduced after the contact, and if so, 
for how long.  

The main results showed an increase in sleepiness indicators from start to before hitting the 
rumble strip and an alerting effect in most parameters after hitting the strip, as shown in Table 
6.   

Table 6 Results from paired t-tests start  before and before - after; t- and p-values after Bonferroni 
correction.             

The only significant result for change across the five minutes before the hit was seen for lateral 
position. For the five minutes after the hit the only non-significant effect was seen for lateral 
position. Minutes 1-3 differed significantly from the minute before hit for variability of lateral 
position, blink duration and mean KDS and max of KDS. Blink duration showed a significant 
difference for minute 1-2 and minute 4 compared to the minute before hit. Furthermore the 
participants rated themselves (KSS) significantly more sleepy before the hit (KSS average =8.1; 
sd=1.02) compared to the beginning of the drive (KSS average=6.7; sd=1.11).  

The results showed that the alertness enhancing effect was short and the sleepiness signs 
returned 5 minutes after the rumble strip hit. It was concluded that various aspects of sleepiness 
are increased before hitting a rumble strip and that the effect is very short-lived, as shown in 
Figure 9.   

t-value 
Start  Before 
t .05 df=28  (p<) 

t-value 
Before  After 
t .05 df=31 (p<) 

Lp 1.26 (0.219) -0.01 (0.995) 
sd lp -6.67 (0.000) 3.96 (0.000) 
kds mean -3.24 (0.003) 5.04 (0.000) 
kds max -3.92 (0.001) 3.61(0.001) 
Blink duration -5.51 (0.000) 4.35 (0.000) 
KSS -7.36 (0.001) -3.04 (0.010) 
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Figure 9 Mean ± SE for Variability of lateral position (middle of the car in relation to the right edge line), 
and mean of Karolinska Drowsiness score (KDS); n= 32 *= Significant difference (paired t-test) from 
minute before or after hit.   

 
*

 
 *  *

 
    *  *  *  *
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Driver sleepiness and individual differences in preferences for 
countermeasures (Study IV)   

In order to find promising countermeasures addressed to sleepy drivers there is a need for 
knowledge about driver sleepiness and individual differences in preferences for 
countermeasures. The aim of Study IV was to investigate the use of sleepiness countermeasures 
among drivers in a national representative sample and relate this usage to possible explanatory 
factors such as age, gender, education, professional driving, being a shift worker, having 
experience of sleepy driving, sleep related crashes, problems with sleep and sleepiness in 
general and sleep length during working days. Also the attitude to countermeasures related to 
information or driver support systems was studied.   

The results showed that the most common countermeasures were to stop to take a walk, turn on 
the radio/stereo, open a window, drink coffee and to ask passengers to engage in conversation. 
Logistic regression analysis showed that counteracting sleepiness with a nap (a presumably 
efficient method) was practised by those with experience of sleep related crashes or of driving 
during severe sleepiness, as well as by professional drivers, males and drivers aged 46-64 years, 
as shown in Table 7.  

Table 7 Univariate logistic regression. Dependent variable: efficient = stop for a nap (n=303). Odds ratio= 
Exp( ); 95% CI = confidence interval for odds ratio and p-value in bold= significant level.   

Efficient 
= stop for a nap  

 

Model with univariate predictors 
Odds 
Ratio 

95% CI p 

Age                    
           18 25     
           26 45  1.22 0.82-1.83 0.32 
           46 64  1.86 1.28-2.70 <0.01 
           65 or older  1.01 0.68-1.50 0.97 

 

Gender   Male vs female 2.83 2.04-3.93 <0.01 
Higher education vs lower 1.28 0.98-1.66 0.07 
Professional drivers  vs non prof 3.43 2.05-5.73 <0.01 
Exp of sleepy driving vs not 2.76 2.11-3.60 <0.01 
Exp of sleep related crashes vs not 2.80 2.01-7.19 <0.01 
Shift workers vs day workers 1.25 0.87-1.81 0.23 
Persistent sleepiness vs not 0.87 0.60-1.25 0.45 
Snoring vs not  1.70 1.16-2.50 <0.01 
Poor sleep quality vs good  1.43 0.88-2.32 0.15 
Sleep duration < 6h  vs  more 1.74 1.30-2.32 <0.01 

  

The most endorsed means of information to the driver about sleepiness was in-car monitoring of 
driving performance. This preference was related to experience of sleepy driving, not being a 
professional driver and being a male.  
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Driver impairment during night driving and the relation with physiological 
sleepiness (Study V)  

Studies of sleepiness detection need reference points of physiological sleepiness for 
comparison. The aim of Study V was to validate the Karolinska Drowsiness Score (KDS) as an 
indicator of physiological sleepiness against driving impairment and eye blink duration. The 
aim was also to investigate the effects of age on sleepy driving.  

The results show that sleepiness increased with time on task with higher levels for young 
drivers, as shown in Figure 10. Except for lateral position, performance did not differ between 
the age groups.              

Figure 10 Mean (±SE) Karolinska Drowsiness score (KDS), Karolinska Sleepiness scale (KSS) ratings 
across driving time (Minutes: 8 levels) for young and older drivers; n= 19 subjects.   

The distribution according to the KDS level was the result of the experiment. In the analysis, 
the participants (n=8) who experienced a KDS level of 50 were included. Of the 19 participants, 
8 reached a KDS of 50%. Six KDS levels were used (0%, 10%, 20%, 30%, 40%, and 50%). 
Altogether there were 412 observations (53%) in which the participants had signs of sleepiness 
(KDS of 10%). There were 48 occasions with KDS levels of >50%, but only 13 out of these 
resulted in lane departures (27%).  

The variability of lateral position and the mean and variability of blink duration significantly 
changed when sleepiness increased to KDS 20% and above. Furthermore, there was an increase 
in the risk of lane departure from KDS 30%, as shown in Figure 11.           
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Figure 11 Mean (±SE) variability of lateral position and blink duration for Karolinska Drowsiness Score 
(KDS: 6 levels), n=8 that had KDS levels for every step from 0 to 50%.  

The results suggest that the KDS scoring method is a reasonable procedure for estimating 
physiological sleepiness under conditions of driving. The results show that younger age is 
associated with greater susceptibility to sleepiness at the wheel compared to older age.  
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4 DISCUSSION  

The general aim of the thesis was to explore the relation between driver sleepiness and driver 
impairment and the changes that precede a crash or a similar safety-critical event, but also what 
constitutes good reliable behavioural / physiological measurements of sleepiness. A second 
question concerned particular groups and situations 

 

is post-night shift driving characterized 
by increased sleepiness, is more complex driving also affected by sleepiness, and are younger 
drivers affected by sleepiness behind the wheel more than older drivers? A third question 
concerned countermeasures. What are the preferred self-administered countermeasures and 
what are the effects of the structural countermeasure like rumble strips?   

Sleepiness at the wheel in the morning after night work   

Study I showed that simulated commuting back from normal night shift work caused incidents, 
decreased time to crashes, increased variability in lateral position, increased eye closure 
durations, as well as increased subjective sleepiness. Studies II and III had different purposes 
but made use of the same post-night-shift design. They also showed pronounced effects on 
similar sleepiness indicators. As expected, the three studies demonstrate that working the night 
shift is associated with pronounced sleepiness.   

The studies are the only ones of their type and there are no other studies to compare with. 
However, driving during night work, some hours earlier than the post-night-shift studies, shows 
very similar results to those  demonstrated in study V, for example in a study by Gillberg et al., 
(1996) using a truck simulator. They found small but significant effects on driving: night 
driving was slower, with a higher variability of speed and lane position. Subjective and 
EEG/EOG measured sleepiness were higher during the night conditions. Horne and Reyner 
(1999) simulated night shift driving in a car simulator and found an increased number of 
crashes and incidents. However lateral variability was not analyzed. They also reported 
increased subjective sleepiness, as well as sleep intrusions in the EEG.   

The reason for the crash risk associated with the post-night shift commute is, most likely, the 
combination of driving close to the circadian low (around 04h-05h) and an extended time 
awake (often awake  since the previous morning and without any nap) as has been demonstrated 
in many laboratory studies (Dijk & Czeisler, 1995). The total effect on road crash risk of the 
circadian low, prior time awake and prior amount of sleep has recently been demonstrated 
(Åkerstedt et al., 2008). The results show a strong capacity to predict crash risk.  

The sleepiness effects during the morning commute are in line with the epidemiological studies 
that have demonstrated an increased crash risk in shift workers travelling home after a night 
shift (Czeisler et al., 1995; Gold et al., 1992; Stutts et al., 2003). They are also in line with a 
number of studies that demonstrate increased risks of road crashes in connection with early 
morning driving (Åkerstedt & Kecklund, 2001; Connor et al., 2002; Horne & Reyner, 1999). 
Observations on strong effects of reduced sleep on sleepiness  have been made in many studies 
of sleep loss, daytime driving, for lateral variability (Arnedt, Wilde, Munt, & Maclean, 2000) or 
eye closure durations (Wierwille & Ellsworth, 1994).   
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The effects on sleepy driving of a more complex scenario   

Driving without interacting with other vehicles or interference from the environment is very 
much like a traditional tracking task, that is, monotonous (Balkin et al., 2004). Simulator studies 
normally also use a very simple and monotonous scenario in order not to alert the participants, 
but also to reduce confounding factors. The consequence is a reduced ecological validity with 
lack of realism in terms of driving on real roads. One interesting aspect is whether there are 
changes in magnitudes of sleepiness indicators (driving and driver behaviour) if the scenario 
has a higher degree of ecological validity, i.e. with a more complex scenario.   

Study II shows that sleep loss appears to have the expected effects on sleepiness indicators as in 
Studies I, III and V.  Following another car did not affect sleepiness, which had been 
hypothesized. There are no similar studies to compare with, but it is possible that just following 
another car and getting ready for overtaking may not be challenging enough to affect indicators 
of sleepiness.   

Overtaking reduced physiological sleepiness more than the other two situations and seems to 
have eliminated, at least temporarily, the sleepiness induced by sleep loss. This is remarkable, 
considering that Study I in the thesis, but also Studies III and V and other studies, show severe 
effects of sleep loss on eye blinks. As mentioned above,  no comparable data seem to exist, but 
in a study of effects of time of day on the risk of different types of crashes it was found that the 
only type of crash without a late-night peak in relative accident risk was overtaking crashes 
(Åkerstedt & Kecklund, 2001). This suggests that the assumed stressfulness of overtaking 
counteracts sleepiness. However, it is not entirely clear if the effect seen in the present study is 
one of increased alertness. Instead, the stress of the task may mask a latent sleepiness, although 
one may still argue that at least temporarily alertness had been present.   

One may also suppose that the task itself may affect blink duration without having anything to 
do with alertness or that the overtaking was attempted only when the driver felt alert. There is, 
however, no support in the literature for this. One would expect a larger number of overtakings 
during the night sleep condition and in the beginning of the drives if there were a relation 
between the willingness to overtake and lack of driver sleepiness, but this did not occur.  One 
practical implication of the effects of overtaking is that the driving situation must be taken into 
account when results from field operational tests of sleepy driving are evaluated.   

If the more complex scenario did contribute to reduced sleepiness there would be expected a 
lack of effects due to time on task. When all laps were included in the analysis the effect of laps 
was significant, but disappeared for several indicators of sleepiness, e.g blink duration and 
lateral variability when the first lap was removed from the analysis. The impression is that the 
linear increase in sleepiness, which was seen in Studies  I, III and V and in many other driving 
simulator studies (O'Hanlon & Kelly, 1974; Otmani, Joceline et al., 2005) was not as clear in 
the present more complex scenario. The modest effect of laps (time on task) again suggests that 
the alternating interaction with other vehicles may have had combined alerting effects, 
counteracting accumulation of sleepiness with duration of the drive. This, however, will have to 
be studied separately. 
   
Most sleepiness indicators describing driving behaviour focus on lateral positions. Also 
longitudinal measurements, like speed, should be of interest, especially when related to 
perception and cognitive information processing. One variable to study would be the effect on 
speed reduction after prior information of potential risks, for example school bus at stand still. 
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The results from the school bus situation showed no effect of sleep loss on speed. This suggests 
that the warning signals are acted upon regardless of alertness. The information per se, however, 
caused speed to be reduced. Thus, it seems likely that this type of information may be useful in 
intelligent transport system (ITS) approaches to provide driver support about upcoming hazards. 
One may compare the present lack of effect with studies showing increased latency to braking 
when a sudden obstacle appears on the road (Haraldsson, Carenfelt, Laurell, & Törnros, 1990).  

Subjective sleepiness was not part of the evaluation of the effect of the driving situation in 
Study II but was included as reference. It clearly related to sleep loss, as well as to time on task. 
The pattern is similar to the one in Studies  I, III and V, but also to the results from  another 
study using the same scale (KSS) (Otmani, Joceline et al., 2005). However, the peak level in 
Study II was about one unit lower than the usually encountered level 9. This is in line with the 
results showing a task dependent difference for subjective sleepiness when  a simple vigilance 
task is compared with a driving simulator task using a monotonous  scenario (Richter et al., 
2005).   

Sleepiness behind the wheel before and after hitting a rumble strip  

The results from study III showed an increase in sleepiness indicators from start to before 
hitting the rumble strip and an alerting effect in most parameters after hitting the strip. The 
effect lasted a short time after the hit and was back to pre-hit levels after 3-4 minutes.   

The increase in the levels of sleepiness indicators before the hit was expected based on previous 
studies of sleep loss and driving presented in Studies   I and V, and also in another study (Ingre, 
Åkerstedt, Peters, Anund, & Kecklund, 2006). That study show increased levels of EEG alpha 
and theta activity, increased eye closure durations, increased lateral variability in connection 
with lane crossings and driving off the road. Here these changes were closely linked to a 
behaviour that is seen as an absolute measurement of improper driving behaviour and one that 
constitutes a driving incident. Had the strip not warned, the vehicle may have left the road or 
ended up in the opposite lane. To the best of my knowledge the precursors of similar events 
(leaving the lane, for example) have not been described before.  

Looking at the variables involved it appears that the highest F-value (most significant) for 
change from start to the minute before the hit was subjective sleepiness. This variable has been 
shown to be a very sensitive sleepiness indicator in many studies (Åkerstedt & Gillberg, 1990; 
Horne & Baulk, 2004; Ingre, Åkerstedt, Peters, Anund, Kecklund et al., 2006). Apparently, 
most individuals are clearly aware of their state of sleepiness to a sufficient degree to use it as a 
warning not to continue driving. It has also been shown to be increased before road crashes, at 
least as obtained retrospectively (Connor et al., 2002).  

Among the other variables, the highest F-values were obtained for variability of lateral position 
and blink duration. This finding also agrees with a number of studies (O'Hanlon & Kelly, 1974; 
Otmani, 2005). Lane position was clearly of little interest. It was closer to the rumble strip 
before the hit but was back to normal during the first minute after the hit. The latter agrees with 
the lack of major erratic or avoiding manoeuvres when  a rumble strip is hit in alert condition, 
seen in an earlier study (Miles, Pratt, & Carlson, 2006). The KDS as an indicator of sleepiness-
related risk of hitting a rumble strip seems somewhat weaker than subjective sleepiness, lateral 
variability and blink duration. However, the values reached are similar to values in Studies I and 
V. This suggests that EEG theta/alpha activity or slow eye movements do not necessarily 
indicate sleep before danger occurs. Moderate increases seem sufficient. In Study V it was 
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demonstrated that lateral variability and eye blinks seem to rise rapidly across the first levels of 
the KDS and then level off.  

The level of KDS before the hit reached almost 30%. This is in line with Study V which shows 
a significant increase in risk of lane departure by almost 3 times at KDS 30%   and 6 times at 
KDS 40%. Sleepiness reached a level of 8 on the KSS, which is similar to the levels when 
incidents and crashes start to occur in the study by Ingre et al., (2006). For lateral variability the 
value was above 0.35m compared to the value of  0.36m in a previous study (Ingre, Åkerstedt, 
Peters, Anund, & Kecklund, 2006). For blink duration it was 0.18s compared to 0.14s in the 
previously mentioned study. Even if studies are different and there will be individual 
differences (Ingre, Åkerstedt, Peters, Anund, & Kecklund, 2006) one gets the impression that 
incidents tend to occur at certain levels of the sleepiness indicators. Possibly this knowledge 
may be used in the development of warning devices in driver support systems.  

An important observation is also the lack of final increase in sleepiness indicators during the 
minute before the hit. One could, of course, conceive of a very short increase in the levels of the 
sleepiness indicators the last few seconds before a hit, but this was not picked up with the 
present one-minute resolution. The results indicate that the risk of a lane crossing is present 
over a rather long period of increased sleepiness. In this case the period was 5 minutes; this in 
turn was the longest period that could be analyzed without losing too many subjects because of 
overlap with the first five minutes. Possibly, this state of high risk drowsiness may be present 
for long periods of time, as suggested by Horne and Reyner (1995a). This finding suggests that 
the first signs of sleepiness should be taken seriously and that there will be no easily discernible 
final warning before an adverse event.  

Another main result of the experiment was that a rumble strip contact had an alerting effect that 
caused reduced variability of lateral position (less swerving), and decreased the physiological 
sleepiness level. However, the alerting effect was rather moderate and baseline levels of 
sleepiness, i.e. those at the beginning of the driving session, were not reached. Furthermore, the 
alerting effect only lasted for 2-3 minutes, and 5 minutes after the rumble strip contact the 
indicators of sleepiness had returned to the same level as before the hit. I am not aware of any 
similar data and thus need further corroboration, but the results fit anecdotal data on the 
temporary effects of sudden jolts into wakefulness. Indeed, many subjects had 9 or more hits 
and thus repeatedly fell asleep. Also subjective sleepiness increased after the hit, but sleepiness 
was rated several minutes after the hit and probably reflects the rapid return to pre-hit levels.  

At some low level of noise the alerting effects should disappear and one should obtain a 
significant difference from the higher levels. There is also a clear need for more systematic 
research on optimal design of rumble strips. At present, the design appears to be based on 
intuition. However, there was a difference in lateral position between the types of strips, and the 
most aggressive rumble strip caused an increased distance to the centre of the road. This, 
however, does not represent an alerting effect, rather something like the driver's attempt to keep 
away from a slightly unpleasant experience.      
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Relation between EEG/EOG based sleepiness scoring method (KDS) and other 
parameters of sleepiness  

The results from Study V show that KDS increased with time across the drive, and so did the 
variability of the lateral position, the mean and variability of the blink duration, and the KSS. 
The increased subjective sleepiness, driving impairment, and long eye blink durations agree 
with Studies I and III, and the level of sleepiness at the end of the drive was pronounced. They  
also agree with other studies (Horne & Reyner, 1996; Otmani, Joceline et al., 2005).   

One major purpose of study V was to investigate the relation between the KDS and other 
indicators of sleepiness, in order to be able to interpret changes in the KDS. This is of interest, 
since the KDS at levels above 50% fulfills the criteria of the initiation of sleep. The KDS 
include alpha or theta activity and slow rolling eye movements (Rechtschaffen & Kales, 1968). 
Thus, the KDS is intended to be an absolute indicator of the appearance of sleep during 
supposedly waking activity (Åkerstedt & Gillberg, 1990; Gillberg et al., 1996). The assumption 
is that lower levels of the KDS, while not reaching the formal criteria of sleep, should reflect 
tendencies to sleep, that is, sleepiness . The other variables used in the present studies are 
separate indicators of sleepiness but do not reflect sleep.   

The results of the analyses of the KDS data versus those of the other variables showed that there 
was a relation between the level of KDS and the mean and variability of the blink duration and 
the variability of the lateral position. When physiological sleepiness increased (KDS 0 50%), 
there was an increase also in these variables. Furthermore, when the KDS level increased, there 
was an increased risk of lane departure, particularly at a KDS of 40% (>6 times).   

The drivers showed signs of sleepiness (KDS >10) during more than 50% of the time. The 
results indicate that the lowest level of increase in the KDS did not show any increase in lateral 
variability or risk of lane departure. Such effects did not occur until a KDS of 20%, and first 
became significant at a KDS of 30%. This finding suggests that performance does not become 
seriously impaired until the EEG or EOG recording indicates sleep onset processes for more 
than 6 seconds (30%) out of a 20-second scoring interval. The very high risk at the KDS level 
of 40% is difficult to interpret. However, since the risk was lower at a KDS of 50%, we assume 
that the peak in risk at a KDS of 40% may have been spurious and due to a few persons with 
very high risk, as suggested by the increased standard error of mean at a KDS of 40%. We also 
speculate that the lack of a continuous increase in driving impairment above a KDS of 40% 
could have been brought about by the participants becoming aware of their sleepiness and 
therefore increasing their effort and taking counteraction. However, activities to counteract 
sleepiness were not monitored in our study.   

KDS applies the traditional criteria of polysomnographical sleep onset to recordings obtained 
under conditions of wakefulness, the assumption being that physiological sleepiness is 
represented. The latter is, however, only a construct based on inference, and an absolute 
definition of physiological sleepiness does not exist. Attempts to validate a measurement of 
physiological sleepiness must therefore use other variables assumed to measure the same 
property. The most well-established one is eye blink duration (Johns & Tucker, 2005; Wierwille 
& Ellsworth, 1994). In study V, the relation between the KDS and blink duration was one of a 
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gradual increase in both the mean and the variability. This finding seems to support the notion 
that the KDS represents physiological sleepiness. However, there seems to be little difference 
between a KDS of 0% and a KDS of 10%, and there also seems to occur a flattening of the 
slope at the highest sleepiness level. This finding could mean that sleepiness is saturated at this 
level, and sleep is taking over, partly eliminating blinking and making blinks more difficult to 
identify. The close relation between eye blink duration and the KDS seems to suggest that KDS 
could possibly be improved by the addition of long eye blink durations to the scoring criteria.   

Subjective sleepiness (KSS) only showed a trend towards an increase across the KDS levels, 
which was unexpected. One reason may be the obvious restriction of range caused by the very 
high level of sleepiness at the start (7.4 units) and the ceiling effect due to the scale s end point 
being 9. One could conceive of using a higher end point, but it is logically difficult to argue that 
one can perceive sleepiness to exceed the level when one is fighting sleep (exerting) in an 
effort to remain awake . However, in Study II with a scenario with a higher degree of 
ecological validity the ceiling effect was not seen. One solution may be to reduce the monotony 
in the scenario. Physiological and behavioural indicators can, logically, be extended 
considerably further, while a person is fighting a losing battle against an increasing frequency of 
micro sleep. There were 48 occasions with KDS levels of >50%, but only 13 out of these 
resulted in lane departures (27%). Thus high levels of physiological sleepiness do not 
automatically lead to lane departures. This situation could be due to the presence of a stretch of 
straight road with less risk of lane departure or to the pattern of physiological sleepiness; ten 
continuous seconds may give more time to depart from the lane than an on off pattern. We 
could also speculate that there is a need for the presence of theta activity (indicating sleep) or 
perhaps slow eye movements or long eye blinks. The relative importance of these indicators has 
not been established.  Hence, this is an important future task.    

Effects of age   

One purpose of the present study was the relation between age and sleepiness at the wheel. The 
results from study V showed that sleepiness increased with time on task with higher levels for 
young drivers than for older drivers and the results indicate that younger age is associated with 
greater susceptibility to sleepiness at the wheel. The absence of a performance difference could 
have been due to the difference in sleepiness not being sufficient to affect driving performance. 
This possibility will have to be determined in future studies.   

Study V confirms that young drivers seem more susceptible to sleepiness during night driving. 
The age effect was pronounced; the young participants were less able to sustain alert, in terms 
of subjective ratings and KDS. This result was not due to the groups for most of the variables. 
The results agree with crash data (Åkerstedt & Kecklund, 2001; Corfitsen, 1994; Otmani, 
Joceline et al., 2005; Pack et al., 1995) and with clinical data which  indicate that the multiple 
sleep latency test shows close to pathological values (around 5 minutes latency to sleep) for 
young adolescents (Pack et al., 1995).   

In a review focusing on adolescents' driving risks (Dahl, 2008) it is concluded that one major 
cause that contributed significantly to an increased driving risk in teens is sleep deprivation and 
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the consequences of insufficient sleep (sleepiness, lapses in attention, susceptibility to 
aggression, and negative synergy with alcohol). One additional explanation for  an increased 
risk is the adolescent brain maturation that indicates that essential parts of the brain regulating 
emotions (pre-frontal) are  not fully developed until the adolescent is  above 18 years old.  
Furthermore, the findings of Dahl apply to real traffic environments, not simulator driving. The 
explanation suggested by Dahl review may, however, not apply for Study V since all subjects 
were prepared in the same way regardless of age and no one was under the influence of 
alcohol.    

Duration of driving   

Although the effects of the duration of driving were not part of the aims of the thesis,  one may 
consider the effects. Results from other simulator studies show pronounced time-on-task effects 
on sleepiness (Horne & Reyner, 1996; Otmani, Pebayle et al., 2005). This is in line with the 
results behind not only study V, but also in Studies I, II, III.  A crash study (Hamelin, 1987) 
showed increased risk of truck crashes with time at the wheel. However, in this type of study it 
is likely that there are  strong effects of time of day as well as effects of circadian rhythm, since 
driving time spans durations from a few hours up to 10 15 hours.   

Whether real driving is as sensitive to time on task, as simulator driving is not known. In one 
study (Sagaspe et al., 2008) no effect on involuntary line crossing was seen during 10h of 
highway driving on the day. However, breaks occurred every second hour, which may have 
maintained alertness. The same group did, however, show pronounced effects when 2, 4, and 8h 
of night driving, without breaks, were compared (Sagaspe et al., 2008). This was the first study 
of real life sleepy driving that controlled for prior amount of sleep, prior time awake and 
circadian rhythm.   

Simulator driving versus driving on real roads; and selection of participants  

Four out of five studies included in the thesis have been carried out in a driving simulator. This 
has special implications. Whereas a simulator comes quite close to real life driving in some 
ways (Törnros, 1998) it is likely that the fatigue inducing effects may be larger in the simulator 
and especially with a monotonous scenario as in Studies  I, III and V. At least in studies I and V 
a rapid increase is shown. In study III a significant development over the first five minutes was 
shown for all variables except blink duration. The reason for the rise may be that driving in the 
simulator induces sleep and this effect sets in early during the drive, at least as indicated by 
KDS values and lateral variability. Eye blink durations seem to be more resistant, possibly 
because difficulties in keeping one's eyes open usually appear only at high levels of sleepiness 
(Åkerstedt & Gillberg, 1990). Rapid rises of sleepiness have been seen in many other simulator 
studies of sleepiness (Horne & Reyner, 1996; Ingre, Åkerstedt, Peters, Anund, & Kecklund, 
2006). It seems a reasonable assumption that impairment and sleepiness in a more complex 
situation as in Study II or in real driving would be less likely to be due to the higher level of 
stimulation. Study II did not show a strong initial rise with time on task.   

Philip and colleagues (2005) found no immediate rise in lane crossings or KSS across 10h of 
day driving. However, they concluded in a comparative study that sleepiness can be studied 
equally well in real and simulated driving conditions and that the main difference is the level 
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rather than changes when driving in alert or sleepiness condition is compared. The effects were 
almost the same except that the simulator driving comprised more frequent line crossings and 
road departures than driving in a real environment. Since touching the lane boundaries is an 
early indication of an incident, it could, however, be possible to run a similar experiment on a 
test track or on a real road without risk. A disadvantage would still be the need for a vehicle 
equipped with dual controls and the presence of a supervisor to stop the session if necessary.   

Another limitation of simulator studies, especially relevant for study V, is that, after a lane 
departure, drivers are aware of the fact that lane departure will not trigger a crash, unlike in real 
driving. Even if some of the drivers experienced several lane departures and only the  first five 
were included in the study, it may be that the situation was too unrealistic. An advantage with  
the Cox regression used in Study V,  however, is that , to some degree, it handles different 
hazard functions for lane departures, depending on whether a departure is the first, second, 
third, and so forth.   

Even if the scenario was more complex in Study II and hopefully had a higher degree of 
ecological validity, there was a problem in creating a scenario that made it possible for the 
drivers to reliably perceive a distance to the car ahead and to oncoming cars. Although the 
scenario included reference points, the simulator projection - with a resolution of approximately 
2 arc minute - could not fully substitute for what the human eye sees in real world driving. This 
probably affected the subjects' willingness to overtake, both with respect to the frequency and 
variation. However, all comparisons were made between the two conditions (night sleep - no 
sleep) and any limitations were present in both.  

Clearly, a driving simulator suffers from weaknesses in comparison to real life driving. However, 
there seem to be no studies investigating to what extent a simulator study leads to erroneous 
conclusions compared to what would have resulted from a real life study. Still, the simulator 
provides the opportunity to monitor the driver without any risk, all the way to sleep onset and 
actual lane departure. The lack of real risk is also a disadvantage.  The simulator also offers total 
control over environmental conditions, which increases the possibility to draw reliable 
conclusions. The simulator also makes possible cost-efficient use of research subjects and other 
resources, making larger and more representative samples possible. At present a validation study 
of the same section of road is being carried out in the simulator and in real life. Still, future 
studies will need to be carried out in real driving situations to verify key implications resulting 
from simulator studies.    

Limitations   

There are other limitations related to the use of participants in the simulator studies that should 
be mentioned. One is the use of volunteers for the simulator studies. On the other hand the 
consequences could be that drivers with real problems or specific needs will not be included 
and, hence, it may not be possible to generalize the results. On the other hand, the volunteers 
had e been interviewed before and a list of inclusion criteria used in order to find representative 
persons without major psychological or physiological impairments.   

Another limitation is that, in most of the studies included in the thesis, the participants have 
been shift workers. Shift workers do not by definition have normal sleep and wake patterns 
and they more often than others report problems with sleepiness. On the other hand this is a 
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group that are at risk and therefore of special interest. It could be that they are more used to 
sleepiness than drivers in general and thus even more trained and experienced of the situation. 
This may lead to assumptions that underestimate the problems encountered.  The major 
limitation is the fact that in most of the studies there are few participants involved (10-35 
participants). Impairments  (driving and driver) caused by sleepiness are individual dependent 
and there will be individual differences (Ingre, Åkerstedt, Peters, Anund, Kecklund et al., 2006; 
Van Dongen, 2007) that cannot be  taken into account for all studies.  

One more limitation is that in most of the studies included in the thesis only the reactions of 
drivers of passenger cars are considered. The results are probably not valid for truck drivers, 
which is another group at risk of  sleepiness while driving (Kecklund & Åkerstedt, 1993). The 
results also indicate that there are large individual differences regarding the capability of 
resisting sleepiness. This could be exemplified by the results from Study III where 3 out of 35 
drivers did not have any lane departures at all while 19 drivers experienced 8 rumble strip hits 
or more in the sleepy condition. These results are, however, in line with other studies of 
individual differences in driver sleepiness (Ingre, Åkerstedt, Peters, Anund, & Kecklund, 2006) 
or in behavioural responses to sleep loss  in general (Van Dongen, 2007). One consequence of 
individual differences is that the development of fatigue warning devices needs to take such 
differences into account. This is most likely valid for driver sleepiness, as for the reactions to 
warnings.  

In experiments like those included in this thesis it is important to have a stable and long enough 
baseline period (alert). A weakness in for example Study III is that this period was not a really 
alert condition  the driving followed a night of work. Probably, the results may have been even 
more pronounced if such a condition had been used. However, the situation was realistic for 
going home after a night shift that we know for will lead to an increased risk of lane departures.   

Preference for countermeasures and related background factors  
From a driver theoretical point of view the most promising countermeasures will be those that 
contribute to the decision not to drive at all when there is a risk of being sleepy (Haddon, 1972).  
This is an important area but not in focus in this thesis. During the drive there are critical 
decisions a driver needs to take in order to avoid the risk of a sleep related crash. First of all, the 
driver has to recognize the sensation of sleepiness. In the next step, the driver must be 
motivated to take corrective actions, and have knowledge of which countermeasures are 
effective and lasting. Finally, the driving circumstances should allow the driver to act according 
to an effective strategy, as shown in Figure 12.  
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                        Fatigue       

Do not recognize the feeling Recognize the feeling           

                                          Not motivated    Motivated        

                                  
   Not aware of lasting action       Aware of lasting action   

         
                                                     

            
           Prevented to act        Not prevented to act   

 

Figure 12 The chain of decisions in order to avoid increased risk of crash when sleepy    

The drivers preference for countermeasure will not only influence the motivation to do 
something about it, but also the probability of a choice of an effective countermeasure will be 
influenced.   

The results from study IV show that the most common self-administered countermeasures 
involved stopping for a short walk, turning on the radio/music player, opening a window, and 
drinking coffee. Thus, one of the two most efficient countermeasures, caffeine intake, was only 
the fourth most common countermeasure, whereas the second most efficient countermeasure, 
stopping for sleep, was only practised by 18%. This is a relatively discouraging result but 
reveals a potential for increased safety within reach by information and educational efforts. 
However, the amount of research into efficient countermeasures is limited and has mostly been 
carried out in the laboratory (Horne & Reyner, 1999; Horne & Reyner, 1996).   

The dominance of laboratory studies of countermeasures leaves the possibility open that the 
more stimulating driving context of the real road may result in other countermeasures also 
becoming efficient. For instance, a matched case-control study showed  crash reduction among 
those using highway rest stops, drinking coffee or playing radio while driving (Cummings et 
al., 2001). However,  such groups may constitute a selection in terms of responsibility and the 
reduced crash rate may partly be due to this . An experiment with randomized groups is clearly 
needed.  

The pattern of countermeasure usage in study IV seems logical. Most clusters included some 
sort of activity at the wheel, presumed to be alertness promoting. Very likely, the reason is that 
an activity that can be carried out while still driving is less intrusive than stopping or taking a 
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nap during a stop, and will therefore be easier to apply. One would then expect a combination 
of activity while driving as a first line of defence, followed by stopping, and then combined 
with caffeine intake. Having a nap would be a less prevalent means, possibly related to 
exposure to sleepiness, as discussed below.   

Interestingly, the use of presumably efficient countermeasures clearly differed between groups. 
Among the clearest result was the importance of having had a sleep related crash or experience 
of sleepiness while driving. This was predictive in identifying a nap as an efficient 
countermeasure. The importance of having had experience of sleepy driving probably explains 
the relatively low prevalence (18%) observed above. Note that being a professional driver or 
being older (up to the retirement age criterion) will add explanatory power. Both seem to 
represent other aspects of experience that would lead one to have a nap. This may be related to 
increasing caution with increasing knowledge of the dangers of driving.   

The increase in preference for efficient countermeasures with increasing age is interesting from 
the standpoint  of the lower risk of sleepiness related crashes in higher age groups (Åkerstedt & 
Kecklund, 2001; Pack et al., 1995). Also, being male was associated with a preference for a 
nap. The reason for this is not immediately obvious. However, the results from the pre-
discussion within focus groups (Anund et al., 2002) suggested that females can be afraid of 
stopping for reasons of personal security. Interestingly, having disturbed sleep, being a snorer or 
being a shift worker were not related to identifying a nap as important, despite the fact that such 
individuals should have ample experience of sleepiness (Philip and Akerstedt, 2006).     

When caffeine intake was used as the dependent variable, being a male, being a professional 
driver, being aged over 25 years and having experience of driving under severe sleepiness were 
again significant predictors. Having had a sleepiness related crash did not enter into the 
regression. The reason for the latter is unclear, but clearly caffeine intake is more common as a 
countermeasure than taking a nap, and caffeine intake is also widespread and a relatively easily 
administered countermeasure. Thus, caffeine intake countermeasures may demand less 
experience of critical situations, such as sleep related crashes, to be applied as a 
countermeasure.  

With regard to information to drivers about sleepiness, the one most accepted was clearly 
feedback of driving behaviour. This is similar to what has been found in a field study on this 
topic (Dinges et al., 2005). More passive information (signs, other information) was less 
credible as a countermeasure. Clearly again, experience of sleepy driving was an important 
predictor. However, professional drivers and women were not positive. The former may believe 
that their professional skill and experience do not need external information on driving 
performance, but the reason for the negative attitude of women is more difficult to understand. 
One may perhaps speculate that there is lower interest in technical gadgets among women 
compared to men, and therefore trust in such devices may be lower in women. This remains to 
be demonstrated, however.   

Another feedback to the driver could be information about the driver's physiological state 
(alertness level). With regard to such a system there was less difference between driver groups. 
Thus, a positive view was seen among those with experience of sleepy driving or drivers among 
those with problems with snoring, but also among drivers aged 26-45 years. The reason for the 
difference in preference between systems based on impaired driving behaviour and drivers 
physiological state remains unclear.  
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It should be kept in mind that the results from study IV are based on the drivers own reports. 
This means a certain risk of poor recall or of social desirability.  Still, the questionnaire was 
based on the results from focus groups and the correspondence between those results and 
questionnaires was good. Another limitation is that the countermeasures applied will depend on 
the context. There will probably be a difference due to time on task, circadian, environmental or 
other external factors. The response rate differed between the age groups and the lowest 
response rate was observed among young drivers. This is normally the case in questionnaires in 
Sweden. However, also here the results for the young group were similar to the results from the 
discussion with focus groups with young drivers.   

In study IV, 10 predictors were used in two separate univariate analyses. Assuming 
independence, one may expect one predictor to show a significant beta weight. On the other 
hand the results show many more significant results and interpretable patterns. Thus, there 
seems to be no need to correct for the number of variables used but rather for caution that one of 
the significant beta weights may be spurious.    

Practical implications  

From a practical point of view the studies in this thesis include a number of observations and 
conclusions that may have implications.  

One of these concerns is driving home after night work as indicated in studies I, II and III. 
Physiological, behavioural and subjective sleepiness is greatly increased and there is a 
considerable risk of losing control of the vehicle. The problem is the same when driving during 
a night shift. Obviously, driving home under such conditions should be avoided both when the 
situation is monotonous and more complex. It is also of great importance to use efficient 
countermeasures. One may also consider the lack of awareness of sleepiness inducing factors in 
the legal provisions for professional driving, as well as the same absence in the systematic 
investigation of road crash causes.   

A second observation across several studies is that the effect of driving time is important and 
should be considered in planning trips.  

A third observation, made in study III, is that rumble strips serve as an effective countermeasure 
against sleepy driving, but it has to be kept in mind that the effects are very temporary.   

A fourth observation, based on the results from study IV is that driver support systems based on 
sleepiness monitoring are, from the drivers point of view, the most preferred solutions in 
relation to driver  support. The results from Study II also support that there is a potential in 
using in-vehicle information about temporary critical situations, even if the driver is under the 
influence of sleepiness. The implication from Study V is that a warning system should be 
activated no later than at a KDS (combined scoring of EOG and EEG measurements) level of 
20%. At this level signs related to a decrease in driving performance and a risk of lane departure 
are prevalent.   
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A fifth observation is that exposing learner drivers to sleepy driving may be a way of raising 
awareness. Information addressed to learning drivers about effective/not effective 
countermeasures and how to be prepared before leaving may influence the drivers to plan and 
take lasting countermeasures. This is also supported by the results of Study V which show that 
the young drivers are more susceptible than old drivers to sleepiness when driving.  

A sixth observation is that young age groups have an increased susceptibility to sleepiness 
during driving. This should at least be a topic for focused information in driving classes. There 
may also be a need for a restriction for novice drivers at night as has been implemented in New 
Zeeland, Australia and in some parts of the US (Engström, Gregersen, Hernetkoski, Keskinen, 
& Nyberg, 2003). There is one major difference in those countries compared to Sweden and 
that is that one is permitted to take a driving licence before the age of 18 in some of those 
countries.  

Finally, a driver under the influence of sleepiness has an increased risk of incident and crash. 
This holds true even if the roads are equipped with milled rumble strips since it has been shown 
that this is only a short lived effect. The most promising countermeasures are information and 
education in order to avoid sleepy driving at all, but also to teach drivers about the risk of 
driving under the influence of sleepiness and what is a lasting countermeasure. 
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5 CONCLUSION  

The general aim of the thesis was to explore the relation between driver sleepiness and driver 
impairment and the changes that precede a crash or a similar event, but also what constitutes 
good reliable behavioural / physiological measurements of sleepiness. A second question 
concerned particular groups and situations 

 

is post-night shift driving characterized by 
increased sleepiness, is more complex driving also affected by sleepiness, and are younger 
drivers more affected by sleepiness behind the wheel than older drivers? A third question 
concerned countermeasures. What are the preferred self-administered countermeasures and 
what are the effects of the structural countermeasure called rumble strips? 

In conclusion the results show that a combined scoring of EOG and EEG measurement, the so 
called KDS scoring, is a promising method for estimating physiological sleepiness under 
conditions of driving. At KDS level 30 % (meaning sleepiness signs 30% of the time within a 
given time frame) the risk of lane departure is 2.6 times higher; at KDS 40% the risk of lane 
departure is more than 6 times higher. The relation between KDS and variability of blink 
duration shows that at KDS 30% the variability has changed from 0.04 second to 0.07 second . 
Moreover, at KDS level 30% the average subjective sleepiness level, rated by KSS, is 8 out of 
9.  

Moreover, the results showed that driving home from the night shift was associated with an 
increased number of incidents (2 wheels outside the lane marking, from 2.4 to 7.6 times). There 
were a decreased time to first crash, increased lateral deviation (from 18 to 43cm), increased 
eye closure duration (0.102 to 0.143sec), and increased subjective sleepiness. Moreover, a night 
of prior sleep loss increased levels of established indicators of sleepiness behind the wheel even 
if the driving situation requires frequent interactions with other cars on the road. However, 
blink duration (mean and variability) was shorter during overtaking compared to other 
situations even when going home after night shift. Sleepiness increased with time on task with 
higher levels for young drivers than for older drivers and the results indicate that younger age is 
associated with greater susceptibility to sleepiness behind the wheel.  

The thesis has also shown the importance of taking into account the type of driver group when 
working with countermeasures against sleepiness related crashes. The most common 
countermeasures among drivers were to stop to take a walk, turn on the radio/stereo, open a 
window, drink coffee and to ask passengers to engage in conversation. None of them have so 
far been proven to be effective. Counteracting sleepiness with a nap (a presumably efficient 
method) was practised by those with experience of sleep related crashes or of driving during 
severe sleepiness, as well as by professional drivers, males and drivers aged 46-64 years, and 
the most endorsed means of information to the driver about sleepiness was in-car monitoring of 
driving performance. This preference was related to experience of sleepy driving, not being a 
professional driver or being a male. Another promising countermeasure is the milled rumble 
strip. A sleepy driver leaving the lane and hitting the rumble strip will be awakened and show 
an improved driving behaviour. However, the sleepiness sign returned 5 minutes after the 
rumble strip was hit. It was concluded that various aspects of sleepiness are increased before 
hitting a rumble strip and that the effect is very short.     



  

51

 
6 AKNOWLEDGEMENT  

This thesis has been possible to write thanks to support form Karolinska Institutet and VTI. The 
studies included in the thesis have been possible to perform thanks to funding mainly from the 
Swedish Road Administration and VINNOVA. Thank you for giving me this opportunity!  

There are lots of persons who have supported me on the way and I would like to thank my 
colleagues and friends who have contributed to the studies included in the thesis.  

Some persons have been of special importance for me:  

To my supervisors Torbjörn Åkerstedt and Göran Kecklund: this thesis would not have been 
possible to write without the fantastic support from you. Thank you for guiding me and 
supporting me all the way!  

I would also like to thank Torbjörn Falkmer, Mats Gillberg and Thomas Lekander for reading 
the draft of this thesis and contributing to content, language and layout. I would also like to 
thank Anette Hedberg for administrative support and Mats Berggren for help with references.   

To the co-authors of the articles (Åsa Forsman, Magnus Hjälmdahl, Albert Kircher, Arne 
Lowden, Björn Peters, Andreas Tapani and Anna Vadeby): Your support and valuable input has 
been very helpful to me.  

One person of special importance during simulator experiments, in laboratories and as a friend 
is Beatrice Söderström. Thank you for always being there!   

I would also like to thank all participants in all studies  without them this work would not have 
been possible to perform.   

To my husband Per and our children: Gustav, Julia and Erik I would like to say thank you for  
always supporting me and helping me to get  back to reality when lost in research questions.         



  

52

 
7 REFERENCES 
Ahlm, K., Björnstig, U., & Öström, M. (2009). Alcohol and drugs in fatally and non-fatally  

injured motor vehicle drivers in northern Sweden. Accident Analysis &  Prevention, 41   
(1), 129-136   

Åkerstedt, T. (1990). Continuous monitoring of sleepiness. In L. E. Miles & R. J. Broughton  
(Eds.), Medical monitoring in the home and work environment. (pp. 129-137). New 
York: Raven Press. 

Åkerstedt, T. (1998). Shift work and disturbed sleep/wakefulness. Sleep Medicine Reviews,                  
2,117-128. 

Åkerstedt, T. (2000). Consensus statement: fatigue and accidents in transport operations. 
Journal of Sleep Research, 9(4), 395. 

Åkerstedt, T., Connor, J., Gray, A., & Kecklund, G. (2008). Predicting road crashes from a 
mathematical model of alertness regulation - The Sleep/Wake Predictor. Accident 
Analysis &  Prevention, 40(4), 1480-1485 

Åkerstedt, T., & Folkard, S. (1997). The three-process model of alertness and its extension to 
performance, sleep latency, and sleep length. Chronobiology International, 14(2), 115-
123.  

Åkerstedt, T., Folkard, S., & Portin, C. (2004). Predictions from the Three-Process Model of 
Alertness.  Aviation, Space, and Environmental Medicine, 75 (3), A75-A83. 

Åkerstedt, T., & Gillberg, M. (1981). The circadian variation of experimentally displaced sleep. 
Sleep, 4, 159-169. 

Åkerstedt, T., & Gillberg, M. (1990). Subjective and objective sleepiness in the active 
individual. International Journal of Neuroscience 52, 29 - 37. 

Åkerstedt, T., & Kecklund, G. (2001). Age, gender and early morning highway accidents. 
Journal of Sleep Research, 10, 105-110. 

Anund, A. (2005). Frästa räfflor i mitten på tvåfältsväg. Linköping, Väg- och 
transportforskningsinstitutet. (VTI rapport 508).  

Anund, A., Kecklund, G., & Larsson, J. (2002). Trötthet i fokus. Linköping: Väg- och 
transportforskningsinstitutet. (VTI meddelande, 933) 

Armington, J. C., & Mitnick, L. L. (1959). Electroencephalogram and sleep deprivation. Journal 
of Applied Physiol, 14, 247-250. 

Arnedt, J., Wilde, G., Munt, P., & Maclean, A. (2000). Simulated driving performance 
following prolonged wakefulness and alcohol consumption: separate and combined 
contributions to impairment. Journal of Sleep Research, 9, 233-241. 

Arnedt, J., Wilde, G., Munt, P., & MacLean, A. (2001). How do prolonged wakefulness and 
alcohol compare in the decrements they produce on a simulated driving task? Accident 
Analysis &  Prevention, 33(3), 337-344. 

Aurell, J., Andersson, J., Fröjd, N., Jerand, A., & Nordmark, S. (1999). Correlation between 
objective handling characteristics and subjective perception of handling qualities of 
heavy vehicles (Volvo internal report (Classified). Gothenburg: Volvo Truck 
Corporation. 

Aurell, J., Nordmark, S., & Fröjd, N. (2000). Correlation between objective handling 
characteristics and subjective perception of handling qualities of heavy vehicles. Paper 
presented at the Proc. 5th International Symposium on Advanced Vehicle Control, 
AVEC, Ann Arbor, Michigan, USA. 

Balkin, T., Bliese, P., Belenky, G., Sing, H., Thorne, D., Thomas, M., Redmond, D., Russo, M., 
& Wesensten, N. (2004). Comparative utility of instruments for monitoring sleepiness-
related performance decrements in the operational environment. Journal of Sleep 
Research, 13, 219-227. 

Bjorvatn, B., Stangenes, K., Oyane, N., Forberg, K., Lowden, A., Holsten, F., & Åkerstedt, T. 
(2007). Randomized placebo-controlled field study of the effects of bright light and 
melatonin in adaptation to night work. Scandinavian Journal of Work, Environment & 
Health, 33(3), 204-214. 

Borbély, A. (1982). Sleep regulation: Circadian rhythm and homeostasis. In D. Ganten & D. 
Pfaff (Eds.), Sleep. Clinical and Experimental aspects. (pp. 83-104). Berlin: Springer 
Verlag. 



  

53

 
Brookhuis, K., & de Waard, D. (1993). The use of psychophysiology to assess driver status. 

Ergonomics, 36, 1099 - 1110. 
Brown, I. D. (1962). Measuring the "spare mental capacity" of car drivers by subsidary 

audatory task. Ergonomics, 5, 247-250. 
Caffier, P., Erdmann, U., & Ullsperger, P. (2003). Experimental evaluation of eye-blink 

parameters as a drowsiness measure. European Journal of Applied Physiology, 89(3-4), 
319-325. 

Campagne, A., Pebayle T, & Muzet A. (2005). Oculomotor changes due to road events during 
prolonged monotonous simulated driving. Biological Psychology, 68(3), 353-368. 

Campagne, A., Pebayle, T., & Muzet A. (2004). Correlation between driving errors and 
vigilance level: influence of the driver's age. Physiology & Behavior, 80, 515-524. 

Carskadon, M. A., & Dement, W. C. (1989). Normal human sleep: an overview. In M. H. 
Kryger, T. Roth & W. C. Dement (Eds.), Principles and practices of sleep medicine (pp. 
3-13). Philadelphia: W.B. Saunders Company. 

Carskadon, M. A., Dement, W. C., Mitler, M. M., Roth, R., Westbrook, P., & Keenan, S. 
(1986). Guidelines for the multiple sleep latency test (MSLT): A standard measure of 
sleepiness. . Sleep, 9(4), 519-524. 

Clarke, D., Ward, P., Bartle, C., & Truman, W. (2006). Young drivers accidents in the UK. The 
influence of age, experience and time of the day. Accident Analysis &  Prevention, 
38(5), 871-878. 

Connor, J., Norton, R., Ameratunga, S., Robinson, E., Civil, I., Dunn, R., Bailey, J., & Jackson, 
R. (2002). Driver sleepiness and risk of serious injury to car occupants: population 
based case control study. British Medical Journal, 324, 1125 -1128 

Connor, J., Whitlock, G., Norton, R., & Jackson, R. (2001). The role of driver sleepiness in car 
crashes: a systematic review of epidemiological studies Accident Analysis & 
Prevention, 33(1), 31-41. 

Corfitsen, M. T. (1994). Tiredness and visual reaction time among young male night time 
drivers: A road side survey. Accident Analysis &  Prevention, 26, 617-624. 

Cummings, P., Koepsell, T., D.,, Moffat, J., M.,, & Rivara, F., P.,. (2001). Drowsiness, counter-
measures to drowsiness, and the risk of motor vehicle crash. Injury Prevention, 7, 194-
199. 

Czeisler, C., Dijk, D., & Duffy, J. (1994). Entrained phase of the circadian pacemaker serves to 
stabilizes alewrtness and performance throughout the habitual waking day. In R. Ogilvie 
& J. Harsh (Eds.), Sleep Onset: Normal and Abnormal Processes (pp. 89-110). 
Washington DC: American Psychological Association.  

Czeisler, C., Weitzman, E., Moore-Ede, M., Zimmerman, J., & Knauer, R. (1980). Human 
sleep: its duration and organization depend on its circadian phase. Science, 210, 1264-
1267. 

Dahl, R. (2008). Biological, developmental, and neurobehavioral factors relevant to adolescent 
driving risks. American Journal of Preventive Medicine, 35, 278-284. 

Daniel, R. S. (1967). Alpha and theta EEG in vigilance. Perceptual and Motor Skills, 25, 697-
703. 

Dawson, D., & McCulloch, K. (2005). Managing fatigue: It´s about sleep. Sleep Medicine, 9, 
365-380. 

Dement, W. C., & Carskadon, M. A. (1982). Current perspectives on daytime sleepiness: the 
issues. Sleep, 5, 56-66. 

Dijk, D.-J., & Czeisler, C. A. (1995). Contribution of the circadian pacemaker and the sleep 
homeostat to sleep propensity, sleep structure, electroencephalographic slow waves, and 
sleep spindle activity in humans. Journal of Neuroscience, 15(5), 3526-3538. 

Dinges, D., Maislin, G., Brewster, R., Krueger, G., & Carroll, R. (2005). Pilot test of fatigue 
management technologies (Transportation Research Record 1922, 175-182 

Dinges, D., & Mallis, M. (1998). Managing fatigue by drowsiness detection: Can technological 
promises be realized. In L. Hartley (Ed.), Managing Fatigue in Transportation (pp. 209-
229). Oxford: Pergamon Press. 

Dingus, T., Neale, V., Klauer, S., Petersen, A., & Carroll, R. (2006). The development of a 
naturalistic data collection system to perform critical incident analysis: an investigation 
of safety and fatigue issues in long-haul trucking. Accident Analysis &  Prevention, 38 
(6), 1127-1136. 



  

54

 
Drew, G. C. (1951). Variations in reflex blin-rate during visual-motor tasks. The Quarterly 

Journal of Experimental Psychology, 3, 73-88. 
Engström, I., Gregersen, N., Hernetkoski, K., Keskinen, E., & Nyberg, A. (2003). Young 

novice drivers, driver education and training. Literature review Linköping, Swedish 
National Road and Transport Research Institute  (VTI rapport 491A). Ferguson, S. 
(2003 ). Other high-risk factors for young drivers - how graduated licensing does, 
doesn't or could address them. Annual Proceedings - Association for the Advancement 
of Automotive Medicine 47, 539-542 

Folkard, S., & Åkerstedt, T. (1987). Towards a model for the prediction of alertness and/or 
fatigue on different sleep/wake schedules. In A. Oginski, J. Pokorski & J. Rutenfranz 
(Eds.), Contemporary Advances in Shiftwork Research (pp. 231-240). Krakow: Medical 
Academy. 

Folkard, S., & Åkerstedt, T. (1991). A three process model  of the regulation of alertness and 
sleepiness. In R. Ogilvie & R. Broughton (Eds.), Sleep, Arousal and Performance: 
Problems and Promises (pp. 11-26). Boston: Birkhäuser. 

Forsman, Å., Gustavsson, S., & Varedian, M. (2007). Rattfylleriets omfattning. En metodstudie 
i Södermanlands, Örebro och Östergötlands län. Linköping : Väg- och 
transportforskningsinstitutet.. (VTI rapport 599).  

Forsyth, E., Maycock, G., & Sexton, B. (1995). Cohort study of learner and novice drivers: Part 
3, Accidents, offences and driving experience in the first three years of driving. 
Crowthorne: Transport Research Laboratory (TRL project report 111) 

Fröberg, J., Karlsson, C.-G., Levi, L., & Lidberg, L. (1972). Circadian Variations in 
Performance, Psychological Ratings, Catecholamine Excretion, and Diuresis During 
Prolonged Sleep Deprivation. International Journal of Psychobiology, 2, 23-36. 

Fuller, R. A. (1984). Conceptualisation of driving behaviour as threat avoidance. Ergonomics, 
27, 1139-1155. 

Galvan, A., Hare, T., Voss, H., Glover, G., & Casey, B. (2007). Risk-taking and the adolescent 
brain: who is at risk? Developmental Science, 10(2), F8-F14. 

George, C. (2007 ). Sleep apnea, alertness, and motor vehicle crashes. American journal of 
respiratory and critical care medicine , 176(10), 954-956. 

Gertler, J., Popkin, S., Nelson, D., & O'Neil, K. (2002). Toolbox for Transit Operator Fatigue. 
Washington DC: Transportation Research Board, Transit Cooperative Research 
Program   (TCRP report 81).  

Gillberg, M., Kecklund, G., & Åkerstedt, T. (1996). Sleepiness and performance of professional 
drivers in a truck simulator - comparisons between day and night driving. Journal of 
Sleep Research, 5, 12-15. 

Glendon, A., Clarke, S., & Mckenna, E. (2006). Human Safety and risk management second 
edition: Taylor and Francis 

Gold, D. R., Rogacz, S., Bock, N., Tosteson, t. D., Baum, T. M., Speizer, F. E., & Czeisler, C. 
A. (1992). Rotating shift work, sleep, and accidents related to sleepiness in hospital 
nurses. American Journal of Public Health, 82(7), 1011-1014. 

Greenwood, M., & Woods, H. (1919). A report on the incidence of industrial accidents upon 
individuals with special reference to multiple accidents. (No. 4). London HMSQ: 
Industrial Fatigue Research Board. 

Gregersen, N. (1996). Young driver´s overestimation of their own skill - an experiment on the 
relation between training strategy and skill. Accident Analysis &  Prevention, 28(2), 
243-250. 

Gregersen, N., & Bjurulf, P. (1996). Young novice drivers: towards a model of their accident 
involvement. Accident Analysis &  Prevention, 28(2), 229-241. 

Groeger, J., & Brown, I. D. (1989). Assessing one´s own and other´s driving ability. Influence 
of sex, age and experience. Accident Analysis &  Prevention, 21(2), 155-168. 

Haddon, W. J. (1972). A logical framework for categorizing highway safety phenomena and 
activity. Journal of Trauma, 12, 193-207. 

Hamelin, P. (1987). Lorry driver's time habits in work and their involvement in traffic 
accidents. Ergonomics, 30, 1323-1333. 

Hanowski, R. J., Wierwille, W. W., & Dingus, T. A. (2003). An on-road study to investigate 
fatigue in local/short haul trucking. Accident Analysis &  Prevention, 35(2), 153-160. 



  

55

 
Haraldsson, P. O., Carenfelt, C., Laurell, H., & Törnros, J. (1990). Driving vigilance simulator 

test. Acta oto-laryngologica, 110, 136-140. 
Haraldsson, P. O., Carenfelt, C., & Tingvall, C. (1992). Sleep apnea syndrome symptoms and 

automobile driving in a general population. Journal of Clinical Epidemiology, 45, 821-
825. 

Hoddes, E., Zarcone, V., Smythe, H., Phillips, R., & Dement, W. (1973). Quantification of 
sleepiness: a new approach. Psychophysiology, 10, 431-436. 

Horne, J., & Baulk, S. (2004). Awarness of sleepiness when driving. Psychophysiology, 41, 
161-165. 

Horne, J., & Reyner, L. (1995a). Driver sleepiness. Journal of Sleep Research, 4 (suppl 2), 23-
29. 

Horne, J., & Reyner, L. (1995b). Falling asleep at the wheel. Crowthorne, Transport Research 
Laboratory. (TRL report 168) 

Horne, J., & Reyner, L. (1995c). Sleep related vehicle accidents. British Medical Journal, 310, 
565-567. 

Horne, J., & Reyner, L. (1999). Vehicle accidents related to sleep: a review. Occupational and 
Environmental Medicine, 56(5), 289-294. 

Horne, J., & Reyner, L. (1996). Counteracting driver sleepiness: effects of napping, caffeine 
and placebo. Psychophysiology, 33, 306-309. 

Vägtrafikskador 2006 = Road Traffic Injuries 2006. Östersund, tatens Institut för 
kommunikationsanalys. (SIKA statistik  2007:30).  

Ingre, M., Åkerstedt, T., Peters, B., Anund, A., & Kecklund, G. (2006). Subjective sleepiness, 
simulated driving performance and blink duration: examining individual differences. 
Journal of Sleep Research, 15, 1-7. 

Ingre, M., Åkerstedt, T., Peters, B., Anund, A., Kecklund, G., & Pickles, A. (2006). Subjective 
sleepiness and accident risk avoiding the ecological fallacy. Journal of Sleep Research, 
15(2), 142-148. 

Jerand, A. (1997). Improvement, Validation and Multivariate Analysis of a Real Time Vehicle 
Model. Stockholm: Department of Vehicle Engineering, Royal Institute of 
Technology. (Trita-FKT 9753) 

Jewett, M. E., Dijk, D.-J., Kronauer, R. E., & Dinges, D. F. (1999). Dose-response relationship 
between sleep duration and human psychomotor vigilance and subjective alertness. 
Sleep, 22, 171-179. 

Ji, Q., Zhu, Z., & Lan, P. (2004). Real-Time nonintrusive monitoring and prediction of driver 
fatigue. IEEE TransACTIONS on vehicular technology, 53(4). 1052-1068    

Johns, M. (1991). A new method for measuring daytime sleepiness: The Epworth sleepiness 
scale. Sleep, 14(6), 540-545. 

Johns, M. W., & Tucker, A. (2005). The amplitude velocity ratio of blinks; changes with 
drowsiness. Sleep, 28(A), 122. 

Kales, A., Tjiauw-Ling, T., Kollar, E. J., Naitoh, P., Preston, T. A., & Malmstrom, E. J. (1970). 
Sleep patterns following 205 hours of sleep deprivation. Psychosomatic Medicine, 
32(2), 189-200. 

Kecklund, G., & Åkerstedt, T. (1993). Sleepiness in long distance truck driving: an ambulatory 
EEG study of night driving. Ergonomics, 36(9), 1007-1017. 

Laapotti, S., & Keskinen, E. (1998). Differences in fata loss-of-control accidents between 
young male and female drivers. Accident Analysis & Prevention, 30(4), 435-442. 

Lal, S. K. L., & Graig, A. (2002). Driver fatigue: Electroencephalography and psychological 
assessment. Psychophysiology, 39, 313-321. 

Langlois, P. H., Smolensky, M. H., Hsi, B. P., & Weir, F. W. (1985). Temporal patterns of 
reported single-vehicle car and truck accidents in Texas, USA during 1980-1983. 
Chronobiology International, 2(2), 131-146. 

Larsson, J., & Anund, A. (2002). Trötthet i trafiken. Studie av trötthetsrelaterade olyckor. 
Linköping: Statens väg- och transportforskningsinstitut. (VTI notat 34-2002) 

Lavie, P. (1986). Ultrashort sleep-waking schedule. III. "Gates" and "forbidden zones" for 
sleep. Electroencephalography and Clinical Neurophysiology, 63, 414-425. 

Lisper, H.-O. (1994). Breaks and activity. In T. Åkerstedt & G. Kecklund (Eds.), Work hours, 
sleepiness and accidents. Stockholm: IPM and Karolinska Institute. (Stress Research 
Reports 248) pp. 68-70 



  

56

 
Lisper, H. (1977). Trötthet i trafiken: En empiriskt och teoretisk översikt. Statens Offentliga 

Utredningar, SOU, 1977: 2, 229-284. 
Lowden, A., Akerstedt, T., & Wibom, R. (2004). Suppression of sleepiness and melatonin by 

bright light exposure during breaks in night work. Journal of Sleep Research, 13(1), 37-
43. 

Lowden, A., Holmbäck, U., Åkerstedt, T., Forslund, J., Lennernäs, M., & Forslund, A. (2004). 
Performance and sleepiness during a 24 h awake in constant conditions are affected by 
diet. Biological Psychology, 65: 251-263. 

Mahoney, K.M., Porter, R. J., Donnell, E.T., Lee, D., & Pietrucha, M.T. (2003). Evaluation of 
centerline rumble strips on lateral vehicle placement and speed on two-lane highways. 
Harrisburg: Pennsylvania Department of Transportation. 

Maycock, G. (1997). Sleepiness and driving: The experience of U.K. car drivers. Accident 
Analysis &  Prevention, 29, 453-462. 

Michon, J. (1985). A critical view of driver behaviour models: what do we know, what should 
we do? In L. Evans & R. Schwing (Eds.), Human behaviour and traffic safety (pp. 485-
520). New York: Plenum Pres. 

Miles, J. D., Pratt, M. P., & Carlson, P. J. (2006). Evaluation of Erratic Maneuvers Associated 
with Installateion of Rumble Strips. Transportation Research Record, 1973, 73-79. 

Miles, W. (1929). Sleeping with the eyes open. Scientific American, 140, 489-492. 
Mitler, M., Gujavarty, K., & Broman, C. (1982). Maintenance of Wakefulness Test: a 

polysomnographic technique for evaluating treatment efficacy in patients with excessive 
somnolence. Electroencephalography and Clinical Neurophysiology, 53, 658-661. 

Mitler, M., Miller, J., Lipsitz, J., Walsh, J., & Wylie, C. (1997). The sleep of long-haul truck 
drivers. New England Journal of Medicine, 337, 755-761. 

Näätänen, R., & Summala, H. (1976). Road user behaviour and traffic accidents. Amsterdam: 
North Holland Publishing Company. 

NTSB. (1999). Evaluation of U.S. Department of Transportation efforts in the 1990s to address 
operation fatigue (Safety Report NTSB/SR-99/01). Washington, D. C.: National 
Transportation Safety Board. 

O'Hanlon, J., & Kelly, G. (1974). A psycho-physiological evaluation of devices for preventing 
lane drift and run-off-road accidents. Technical Report 1736-F, Human Factors 
Research Inc, Santa Barbara Research Park, Goleta, California. 

Otmani, S., Joceline, R., & Alain, M. (2005). Sleepiness in professional drivers: Effect of age 
and time of day. Accident Analysis & Prevention, 37(5), 930-937. 

Otmani, S., Pebayle, T., Roge, J., & Muzet, A. (2005). Effect of driving duration and partial 
sleep deprivation on subsequent alertness and performance of car drivers. . Physiology 
& Behavior, 84, 715-724. 

Pack, A. I., Pack, A. M., Rodgman, E., Cucchiara, A., Dinges, D. F., & Schwab, C. W. (1995). 
Characteristics of crashes attributed to the driver having fallen asleep. Accident 
Analysis & Prevention, 27(6), 769-775. 

Peden, M., McGee, K., & Sharma, G. (2002). The injury chart book: a graphical overview of 
the global burden of injuries. [Online]. Geneva: World Health Organization.. Available 
from:  http://whqlibdoc.who.int/publications/924156220X.pdf [Accessed: 11 February 
2009]. 

Peden, M., Scurfield, R., Sleet, D., Mohan, D., Hyder, A., Jarawan, E., & Mathers, C. eds. 
(2004). World report on road traffic injury prevention. [Online]. Geneva: World Health 
Organization.  http://whqlibdoc.who.int/publications/2004/9241562609.pdf). [Accessed: 
11 February 2009]. 

Persaud, B. N., Retting, R. A., & Lyon, C. (2003). Crash Reduction Following Installation of 
Centreline Rumble Strips on Rural Two-Lane Roads. Arlington, VA: Insurance Institute 
for Highway Safety   

Philip, P., & Akerstedt, T. (2006). Transport and industrial safety, how are they affected by 
sleepiness and sleep restriction? . Sleep Medicine Reviews, 10, 347-356. 

Philip, P., Sagaspe, P., Taillard, J., Chaumet, G., Bayon, V., Coste, O., Bioulac, B., & 
Guilleminault, C. (2008). Maintenance of Wakefulness test, obstructive sleep apnea 
syndrome, and driving risk. Annals of Neurology, 64(4), 410-416   

http://whqlibdoc.who.int/publications/924156220X.pdf
http://whqlibdoc.who.int/publications/2004/9241562609.pdf


  

57

 
Philip, P., Sagaspe, P., Taillard, J., Valtat, C., Moore, N., Åkerstedt, T., Charles, A., & Bioulac, 

B. (2005). Fatigue, sleepiness, and performance in simulated versus real driving 
conditions. Sleep, 28(12), 1511-1516. 

Racioppi, F., Eriksson, L., Tingvall, C., & Villaveces, A. (2004). Preventing road traffic injury: 
a public health perspective for Europe. Copenhagen: World Health Organisation, 
Europe.  

Ranney, T. A. (1994). Models of driving behaviour: A review of their evolution. Accident 
Analysis and Prevention, 26(6), 733 - 750. 

Rasmussen, J. (1984). Information processing and human-machine interaction. An approach to 
cognitive engineering. London: North-Holland. 

Reason, J. (1997). Managing the risk of organizational accidents. Aldershot: Ashgate  
Reason, J. (1990). Human error. Cambridge: Cambridge university Press. 
Rechtschaffen, A., & Kales, A. (1968). A manual of standardized terminology, techniques and 

scoring system for sleep stages of human subjects. Bethesda: US Department of Health, 
Education and Welfare, Public Health Service. 

Rémond, A. (Ed.). (1979). EEG informatics. A didactic review of methods and applications of 
EEG data processing. Amsterdam: Elsevier. 

Reyner, L., & Horne, J. (1998). Falling asleep whilst driving: are drivers aware of prior 
sleepiness? International Journal of Legal Medicine, 111, 120 -123. 

Reyner, L., & Horne, J. (1999). Early morning driver sleepiness: Effectiveness of 200 mg 
cafeine. Psychophysiology, 37, 1-6. 

Richter, S., Marsalek, K., Glatz, C., & Gundel, A. (2005). Task-dependent differences in 
subjective fatigue scores. Journal of Sleep Research, 14(4), 393-400. 

Rumar, K. (1985). The role of perceptual and cognitive filters in observed behaviour. In l. 
Evans & R. Schwing (Eds.), Human behaviour and traffic safety (pp. 151-165). New 
York. 

Sagaspe, P., Taillard, J., Åkerstedt T, Bayon, V., Espié, S., Chaumet, G., Bioulac, B., & Philip, 
P. (2008). Extended driving impairs nocturnal driving performances. PLoS ONE, 
[Online]. 3(10), e3493. Available from: http://dx.doi.org/10.1371/journal.pone.0003493  
[Accessed: 11 February 2009]. 

Sagaspe, P., Taillard, J., Chaumet, G., Moore, N., Bioulac, B., & Philip, P. (2007). Aging and 
nocturnal driving: better with coffee or a nap? A randomized study. Sleep, 30(12), 1808-
1813. 

Sallinen, M., Härmä, M. I., Akila, R., Holm, A., Luukonen, R., Mikola, H., Muller, K., & 
Virkkala, J. (2004). The effects of sleep debt and monotonus work on sleepiness and 
performace during a 12-h dayshift. Journal of Sleep Research, 13, 285-294. 

Samel, A., Wegmann, H.-M., Vejvoda, M., Drescher, M., Gundel, A., Manzey, D., & Wenzel, 
J. (1997). Two-crew operations: Stress and fatigue during long-haul night flights. 
Aviation, Space and Environmental Medicine, 68, 679-687. 

Santamaria, J., & Chiappa, K. H. (1987). The EEG of drowsiness in normal adults. Journal of 
clinical neurophysiology, 4, 327-382. 

Saper, C. B., Cano, G., & Scammell, T. E. (2005). Homeostatic, circadian, and emotional 
regulation of sleep. Journal of Comparative Neurology, 493(1), 92-98. 

SCB. (2006). Ohälsa och sjukvård 1980-2005. 
Schleicher, R., Galley, N., Briest, S., & Galley L. (2008). Blinks and saccades as indicators of 

fatigue in sleepiness warnings: looking tired? Ergonomics, 51(7), 982-1010. 
Sharabaty, H. (2008). Automatic EOG and EEG analysis: A first step toward automatic 

sleepiness scoring during wake-sleep transitions. Somnologie, Submitted. 
Stern, J. A., D, B., & D, S. (1994). Blink rate: A possible measure of fatigue. Human Factors, 

36(2), 285-297. 
Stutts, J., Wilkins, J., Osberg, S., & Vaughn, B. (2003). Driver risk factors for sleep-related 

crashes. Accident Analysis &  Prevention, 35, 321-331. 
Stutts, J., Wilkins, J., & Vaughn, B. (1999). Why do people have drowsy driving crashes? Input 

from drivers who just did (No. 202/638-5944). Washington, D.C.: AAA Foundation for 
Traffic Safety. 

Summala, H., Häkkänen, H., Mikkola, T., & Sinkkonen, J. (1999). Task effects on fatigue 
symptoms in overnight driving. Ergonomics, 42, 798-806. 

http://dx.doi.org/10.1371/journal.pone.0003493


  

58

 
Tietzel, A., & Lack, L. (2002). The recuperative value of brief and ultra-brief naps on alertness 

and cognitive performance. Journal of Sleep Research, 11, 213-218. 
Törnros, J. (1998). Driving behaviour in a real and simulated road tunnel - a validation study 

Accident Analysis &  Prevention, 4, 497 - 503. 
Torsvall, L., & Åkerstedt, T. (1987). Sleepiness on the job: continuously measured EEG 

changes in train drivers. Electroencephalography and Clinical Neurophysiology, 66, 
502-511. 

Torsvall, L., & Åkerstedt, T. (1988). Extreme sleepiness: quantification of EOG and spectral 
EEG parameters. International Journal of Neuroscience, 38: 435-441. 

Torsvall, L., Åkerstedt, T., Gillander, K., & Knutsson, A. (1989). Sleep on the night shift: 24-
hour EEG monitoring of spontaneous sleep/wake behavior. Psychophysiology, 26(3), 
352-358. 

Valley, V., & Broughton, R. (1983). The physiological (EEG) nature of drowsiness and its 
relation to performance deficits in narcoleptics. Electroencephalography and Clinical 
Neurophysiology, 55, 243-251. 

Van Dongen, H. P. A. Mott, C.G. Huang, J.-K Mollicone, D.J. McKenzie, F.D. & Dinges, D.F   
(2007). Confidence intervals for individualized performance models. Sleep, 30(9), 1083    

Vägtrafikskador 2006 = Road Traffic Injuries 2006. (2007). Östersund, Statens Institut för 
kommunikationsanalys. (SIKA statistik  2007:30)  

Wesensten, N., Killgore, W., & Balkin, T. (2005). Performance and alertness effects of 
caffeine, dextroamphetamine, and modafinil during sleep deprivation. Journal of Sleep 
Research, 14, 255-266. 

Wierwille, W., & Ellsworth, L. (1994). Evaluation of driver drowsiness by trained raters. 
Accident Analysis &  Prevention, 26, 571-581. 

Wierwille, W. W., Ellsworth, L. A., Wreggit, S. S., Fairbanks, R. J., & Kim, C. L. (1994). 
Research on vehicle based driver status/performance monitoring: development, 
validation, and refinement of algorithms for detection of driver drowsiness. Washington 
DC: National Highway Traffic Safety Administration  (DOT HS 808). 

Wilde, G. J. S. (1988). Risk homeostasis theory and traffic accidents: propositions, deductions 
and discussion of dissension in recent reactions. Ergonomics, 31(4), 441-468   




