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Chapter 1 
General introduction 
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Epidemiology of sleep deprivation and insomnia  
!
Sleep disruption has become a major problem in Western society (1,2). Among 
the different types of sleep disruption, we will consider sleep deprivation and 
chronic insomnia in the current dissertation. The latter is one of the most 
prevalent health concerns (3,4). Between 10 and 15% of adults in the general 
population is reported to have complaints of insomnia associated with daytime 
consequences, and between 6 and 10% meet the Diagnostic Statistical Manual of 
Mental Disorders, 4th Edition (DSMIV) criteria for insomnia (5–7). According to 
the DSM-IV definition, primary insomnia (PI) is a complaint of non restorative 
and/or insufficient sleep associated with complaints of daytime consequences 
without comorbidity. Using this definition, the prevalence of PI was found to 
occur in 3–5% of the general population (7). 

Both insomnia and sleep deprivation can lead to a range of adverse 
consequences on daytime perf ormance, health and productivity (8–14) that place 
a heavy economic burden on our society (14–17). It has been estimated that, in 
the U.S., insomnia was associated with 7.2% of all costly workplace accidents and 
errors (18), and the Sleep Health Foundation evaluated the indirect costs of sleep 
loss at 1.5 billion dollars in 2011 (14). Such cognitive and psychomotor 
dysfunction may hamper day-to-day operations such as driving a car. Indeed, 
insomnia has been indicated as an additional risk factor for traffic accidents (19–
21). Epidemiological studies have also shown that sleep deprivation leads to 
increased sleepiness and increased risk of traffic accidents (22–25). Furthermore, 
crash risk following sleep deprivation seems most pronounced during extended 
driving periods when loss of vigilance is highest (26–28).  

Daytime performances in sleep deprivation and (primary) 
insomnia  
 
Sleep deprivation exerts deleterious daytime effects on most of the cognitive 
domains (29–34). Among them, sustained attention or vigilance appears to be 
particularly sensitive (34–39). It can therefore be expected that driving skills 
highly-dependent on sustained attention abilities of drivers will be sensitive to the 
effects of sleep loss. A task of particular interest is prolonged highway driving, as 
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optimal performance relies heavily on the availability of high levels of vigilance or 
sustained attention (39–47).  

A recent model of attention argues that highly automated tasks such as 
lane keeping during highway driving are more severely affected by sleep 
deprivation than complex driving tasks such as overtaking, distance keeping or 
decision making that require top-down cognitive control (48). In order to 
overcome the deleterious effects of sleep deprivation on monotonous highway 
driving, more top-down control is thus needed to achieve normal performance. 
This is supported by experimental studies that consistently showed that sleep 
deprivation decreases road tracking control during prolonged highway driving 
(49–54). In contrast, operational tasks that are more demanding, such as 
orienting or executive attention tasks, are less affected, probably due to the 
reduced need for internally motivated top-down control or to the recruitment of 
additional mental operations (see (34)). 

The impact of sleep deprivation on task performance can sometimes be 
minimized by increasing effort and motivation to perform a task optimally (see 
(55,56) for reviews). However, such compensatory strategies usually fail during 
prolonged task performance (55,57,58) regardless of whether the task demands 
are low or high. This effect is classically described as the Time on Task (ToT) 
effect which induces a progressive decline in performance and in vigilance (59). In 
the sleep deprivation condition, it is classically reported that sleepiness 
exacerbates these ToT effects (59–62).  

Most of the studies which investigated driving performance after sleep 
deprivation were conducted in simulator settings (49,50,54,63). The studies 
conducted in real driving conditions have compared nighttime and daytime driving 
without evaluating the direct effect of a night of sleep deprivation compared to a 
normal night of sleep on driving performance and EEG (53,64,65). To our 
knowledge, no study on the additional effects of ToT and sleep deprivation and 
their EEG correlates has been conducted in real driving conditions. 

Deficits in daytime performance have repeatedly been shown following 
sleep deprivation (29,30,32–34,66). Yet, studies addressing daytime 
performance in PI appear inconclusive (67,68). Nevertheless, a recent meta-
analysis has drawn the general conclusion that PI patients display deficits in 
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orientation and working memory (67). In addition, it has been shown that 
insomnia patients perform poorly in tasks of sustained attention that require a 
response choice (69–71). Overall, executive functioning of PI patients appears 
under-investigated. Studies using classic neuropsychological tests (e.g. trail 
making test B, verbal fluency, Wisconsin test, Stroop test) (69,72–76) have often 
reported a general lack of cognitive dysfunction in PI patients (73–76). These 
findings contrast with results from recent neuroimaging studies that reported grey 
matter deficits (72) and functional hypoactivation (77) in the prefrontal cortex of 
patients with PI compared to control. The prefrontal cortex is a cortical area 
known to be involved in executive processes (78). The discrepancy between 
cognitive and neuroimaging results thus raises the question of the sensitivity of 
neuropsychological tests used to assess executive function in PI.  

Physiopathology of primary insomnia 
 
Current models of PI assume that patients are hyperaroused or unable to de-
arouse. This has been partly demonstrated by elevated levels of the beta power 
spectrum in sleep EEG in PI patients compared to good sleepers (79). In addition, 
these elevated levels of EEG beta power during sleep might explain why PI 
patients experience sleep difficulties and complain of daytime impairment 
(80,81). Only two studies have assessed waking EEG in PI patients during 
daytime hours. Wolynczyk and Szelenberger (82) reported increased beta power 
in Multiple Sleep Latency tests in PI patients compared to good sleepers. In 
contrast, Wu and colleagues (83) did not observe significant differences between 
PI patients and normal sleepers in 5-minute resting EEG recordings with eyes 
open and eyes closed. So far, no study has compared waking EEG during task 
performance in PI patients and normal sleepers.  
 A few studies have investigated differences in sleep spectra between PI 
patients and good sleepers during REM and NREM sleep (see (79) for a review). 
Patients generally display increased beta activity during NREM sleep compared to 
good sleepers. Krystal and colleagues (84) also showed that PI patients displayed 
higher levels of relative alpha and sigma power compared to good sleepers during 
NREM sleep. These findings were partly replicated by Spiegelhader and 
colleagues (85), who reported increased absolute sigma power during stage 2 in 
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PI patients compared to good sleepers. In contrast, a study from Merica and 
colleagues (86) reported lower absolute power in slower frequency bands (i.e. 
delta, theta, alpha and sigma) in PI patients compared to good sleepers.  

Contrary to NREM findings, spectral EEG investigations during REM 
sleep have generally been inconsistent. Significant differences in the beta power 
spectrum between PI patients and good sleepers were found in two studies 
(86,87), whereas no group differences were found in two other studies (84,85). 
PI patients also displayed decreased absolute delta and theta power and increased 
alpha and sigma power compared to good sleepers (86). In addition, previous 
studies did not consistently investigate power spectral analysis during the whole 
sleep period and in all EEG bands, making it difficult to determine a general 
pathophysiology pattern of PI during sleep. More importantly, in light of previous 
findings from neuroimaging studies during the waking state (72,77,88,89) and 
the importance of the prefrontal cortex in mediating sleep physiology (90,91), no 
study has investigated whether specific dysfunction in prefrontal functions 
compared to other cortical areas may occur in PI during the entire sleep period. 
Only the study of Corsi-Cabrera and colleagues investigated EEG spectral analysis 
during the wake-sleep transition period (WSTP) and revealed increased frontal 
beta power compared to good sleepers during wake and during sleep stage 1. 
Authors suggested a frontal deactivation dysfunction in PI during the WSTP (92).  
 Previous neuroimaging studies have been conducted to better understand 
the pathophysiology of PI and have led to various results (see (93) for a review). A 
finding that seems consistent is alteration in brain activity and morphology in the 
prefrontal cortex during the waking state in PI (72,77,88,89). In addition, fMRI 
and spectroscopic investigations reported altered connectivity in the amygdala 
(94) and increased ACC volumes in PI (95), respectively. In contrast, reduced 
hippocampus volumes have been found in the first morphometric studies 
conducted in PI (96,97); however, these findings were not corroborated by recent 
investigational results (72,95).  
Thus, the pathophysiology of PI is still unclear during both the waking state and 
the sleep period, and needs to be further investigated. 
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Methods 
 
In this dissertation, we aimed to identify the daytime performance deficits and 
spectral EEG modifications associated with sleep deprivation and insomnia.  
 

Measures of daytime performances 
In the current dissertation, we employed a number of tasks to measure daytime 
performances after sleep deprivation and in PI patients. These tasks included the 
Psychomotor Vigilance Task (PVT) (98,99), the Attentional Network Task (ANT) 
(100), and prolonged highway driving tasks in both simulated and real conditions.  

The PVT task is a short (about 10 minutes) laboratory measure of 
vigilance (98) commonly used to investigate the effects of sleep deprivation and 
sleepiness (36,66,99). The Attentional Networks Test (ANT) is a choice reaction 
time task that lasts about 20 minutes. The Psychomotor Vigilance Test (98,99) 
aimed to quantify the psychomotor vigilance of participants (Chapter 3), and the 
ANT was used to evaluate the integrity of the three attentional networks according 
to the model of Posner (100,101) (Chapter2). In the current dissertation, we 
considered attentional processes according to the model of Posner, which states 
the existence of three networks that represent the alerting, orienting and executive 
control components of attention (101,102). Alerting is defined as achieving and 
maintaining an alert state. Orienting consists of selecting information from 
sensory input. Executive control is defined as resolving conflict by choosing 
responses. According to psychologists and cognitive neuroscientists, vigilance, 
which is a key cognitive function of monotonous driving, refers to the ability to 
sustain attention during a task for a period time (103,104). It also often refers 
specifically to a vigilance decrement which is the decline in attention-requiring 
performance over an extended period of time (105). These networks display 
distinct, but sometimes overlapping brain mechanisms (106,107). The fMRI 
investigation conducted by Fan and colleagues (106) revealed the most distinct 
cortical and subcortical anatomical networks with the alerting contrast showing 
thalamic and anterior and posterior cortical activations; the orienting contrast 
showed parietal and frontal activations and the executive contrast revealing mainly 
anterior cingulate activations (106,107). This study also revealed common 
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activations in both the thalamus and the left fusiform gyrus for alerting and conflict 
contrasts, suggesting overlapping in anatomical networks. 

Driving performance was evaluated by quantifying the Standard Deviation 
of Lateral Position (SDLP) (108). SDLP is a measure of road tracking control and 
sustained attention during prolonged highway driving, and can be assessed in 
simulated driving as well as during on-the-road driving. In addition, SDLP is one 
of the most sensitive driving measures for assessing driver fatigue and impairment. 
In Caen (Chapter 3), we used a FAROS simulator that consists of a front car cabin 
linked to an interactive display broadcast on one screen. The task consisted of one 
hour of driving in monotonous conditions (no traffic, repetitive landscape). In 
Maastricht (Chapter 4 and 5), the road tracking test (108) was used. In this test, 
participants operated a specially equipped vehicle for approximately 1 h over a 
100-km (61 miles) primary highway circuit accompanied by a licensed driving 
instructor having access to dual controls (brakes and accelerator). In both driving 
settings, participants were instructed to drive as straight as possible within the 
right traffic lane while maintaining a constant speed.  

 
Using EEG to measure attention and vigilance fluctuations during driving 
and fine-grained sleep modifications  

One of the classic methods used to investigate fluctuations in vigilance and 
attention during task performance is spectral EEG (103,109–111). Changes in 
waking spectral EEG during vigilance and sleepiness fluctuations in normal 
conditions are well understood (112,113), and several studies have reported the 
feasibility of measuring EEG fluctuations (i.e. variations in EEG power spectrum) 
in sustained attention tasks (114), specifically during driving experiments (see 
(103), for a review).  

Most studies that have investigated EEG during driving have been 
conducted under simulated driving conditions. These studies generally reported 
slowing of EEG with ToT reflected by decreases in beta, and increases in alpha 
and theta power to coincide with reductions in vigilance during prolonged driving 
(63,115,116). The alpha EEG band is related to cortical excitability (117–120). 
Therefore, a reduced alpha power spectrum could represent an (hyper)aroused 
state such as that which was found to characterize insomnia patients (81). 
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Consequently, increments in the alpha EEG band are believed to represent 
sleepiness (121,122). In addition, the alpha EEG band is related to attentional 
processing (118,120,123,124) and is especially attenuated in the case of 
maximal attention (125–128) and increased cognitive demand (129,130). 
Fluctuations in the beta EEG power spectrum have been associated with changes 
in vigilance (131,132). Several cognitive investigations have reported that the 
beta power spectrum increases as a function of ToT (115,133). It has been 
suggested that beta increments primarily reflect a compensatory effort to maintain 
high levels of performance as vigilance decreases (134). In contrast, a driving 
study conducted in conditions of normal sleep reported beta power spectrum and 
attentional level decreases over time (135). Therefore, interpretation of beta 
power during vigilance tasks is not completely clear even though this parameter is 
often used to discriminate performance decrements during cognitive and driving 
tasks (131,135). The theta EEG band is related to sleepiness and fatigue 
(115,136) and commonly increases as a function of ToT during sustained 
attention tasks (111,115,137). The two measures that most often correlate with 
worse performance are increasing theta and decreasing beta power spectra (125).  

Spectral EEG analysis is sometimes considered to be a more promising 
measure of sleep processes in PI than the classically polysomnography derived 
indices according to the Rechtschaffen and Kales criteria (79). This method allows 
the decomposition of the raw EEG into an infinite number of pure sinusoidal 
components, each of a different frequency, which when added together again yield 
the original signal (138,139). The Fast Fourier transformation (FFT; (140)) is a 
widely applied method used to obtain the EEG spectrum in each frequency band. 
Spectral power analysis quantifies the amplitude of each constituent wave (or its 
square: power) and is able to separate slower and faster parts of the EEG. In the 
current dissertation, we computed relative power spectra in the four major 
frequency bands: delta (1.5–4 Hz); theta (4–7.5 Hz); alpha (separated in alpha1, 
alpha2 and alpha 3 and aggregated) (7.5–12.5 Hz); sigma (12.5–14 Hz); beta 
(separated in beta1, beta2 and beta 3 and aggregated) (14–30 Hz). All night 
power averages were obtained for stage 2, stage 3-4 and REM sleep separately. In 
addition, we compared the band activity within the prefrontal electrodes to the 
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average of the other main electrodes (central, parietal, occipital) in order to 
highlight specific EEG sleep patterns in the prefrontal cortex in PI patients. 

Aims 

The aims of this dissertation were: 

• Evaluate daytime performances (as a function of ToT) in PI patients and in 
healthy volunteers after sleep deprivation, 

• Investigate the pathophysiology of PI by using EEG to determine brain 
activity modifications both during both the daytime and the sleep periods. 

Outline of this dissertation 

In Chapter 2, attentional performance of PI patients and good sleepers was 
compared. The Attentional Network Task (ANT) was employed to assess 
performance differences in three main attentional netwoks according to Posner 
(i.e alerting, orienting and executive control). In this study we aimed to better 
characterize cognitive deficits of PI patients in order to further understand their 
cognitive complaints. 

Chapters 3 and 4 describe two experiments conducted to evaluate the 
driving performance of PI patients and good sleepers during a prolonged highway 
driving task in simulated and real driving conditions, respectively. The major 
driving parameter was the SDLP, which is a measure of road tracking control and 
sustained attention during driving. In addition, EEG power spectra were assessed 
during an on-the-road driving test (Chapter 4) to obtain psychophysiological 
indices of vigilance and sleepiness during driving. The major aims of these studies 
were to assess daytime deficits in driving quality of patients with PI and to assess 
the relationship between background EEG and driving performance changes. 

In Chapter 5, on-the-road driving performance and background EEG 
were assessed in healthy volunteers after a normal night of sleep and after a night 
of sleep deprivation. SDLP was used as the major parameter of vigilance during 
prolonged highway driving. The study aimed to determine the influence of sleep 
deprivation on driving performance as a function of the time on driving task. This 
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chapter also discusses the cumulative effects of sleep deprivation and ToT in 
conditions of real driving. 

Chapter 6 presents a study on spectral EEG during sleep in PI patients 
and good sleepers. The analyses focus on spectral EEG in the prefrontal cortex 
that has been considered to play a major role in the pathophysiology of PI. The 
major aim of this study was to identify modifications in sleep spectra in the 
prefrontal cortex compared to other cortical areas in PI patients by using EEG.   

In Chapter 7, each chapter is discussed in the general context of PI and 
sleep deprivation in order to draw general conclusions that aimed at achieving the 
two main aims of this dissertation. First, the daytime performances associated with 
PI and sleep deprivation are discussed with a particular focus on ToT effects on 
driving performances and EEG fluctuations. Second, by discussing our results, 
new hypotheses are suggested and preliminary answers are given about the 
pathophysiology of PI. Finally, the relationship between EEG and driving 
performance fluctuations are discussed and other measures to predict driving 
performance are proposed. Finally, new prospective future research is described 
in relation to the findings in the current dissertation. 
!

!
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Attention and vigilance deficits in 
primary insomnia 
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Chapter 2  
Attentional networks and 
vigilance in primary insomnia 
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Abstract 
Results from cognitive measures in primary insomnia (PI) patients do not fit with 
the difficulties in performing daily living tasks of which these patients complain. 
Lack of sensitivity of the tests and lack of data concerning some cognitive 
functions may explain this discordance. The aim of the present investigation was 
to better characterize cognitive deficits of PI patients in order to further 
understand their cognitive complaints. We looked at attentional and executive 
function because of their high involvement in daily living tasks. We only included 
untreated PI patients since sleep medication could be a confounding factor when 
assessing cognition. Twenty-one PI patients and sixteen good sleepers completed 
the Attentional Network Test (ANT). No difference between groups was found for 
each of the three attentional network performances (i.e. alerting, orienting, and 
executive function). However, in contrast to controls, PI patients performed more 
slowly in the incongruent flanker condition (i.e conflict situation) than in the 
congruent flanker condition, reflecting a conflict resolution deficit. This 
impairment may be linked to the prefrontal alterations reported in neuroimaging 
studies in these patients. We found a longer overall reaction time in PI patients 
than in good sleepers, reflecting impaired vigilance likely due to the high cognitive 
load of the ANT. Together with the executive dysfunction, this result would serve 
to explain the complaints of PI patients for whom performing daily living tasks is 
often long-lasting and demanding.  
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1. Introduction 
 
Among the various subtypes of insomnia, primary insomnia (PI) affects between 2 
and 4% of the adults in the general population (141). Daytime function and 
subjective complaints have been considered to be core features in the diagnosis of 
PI. Despite these complaints, previous studies have failed to demonstrate 
objective evidence of a cognitive dysfunction in PI (67). Nonetheless, frequent 
deficits in tasks of “orientation of attention” and working memory have been 
highlighted (67). Among the other cognitive domains, executive function remains 
under-investigated (67), and the rare studies in this field have shown inconsistent 
results. The lack of executive dysfunction observed by some authors (73–76) 
contrasts with the results from neuroimaging studies in PI which revealed 
structural and functional alterations in the prefrontal cortex (72,77,89), a cortical 
area known to be involved in executive functions (78). This discrepancy between 
cognitive and neuroimaging results raises the question of the sensitivity of the 
classic tests used to assess executive function in PI (e.g. Trail making test B, verbal 
fluency, Wisconsin test, Stroop test) (72–77). 

Performance of vigilance and sustained attention, and choice reaction time 
tasks are consistently impaired in PI (69–71), at variance with simple reaction 
time tasks (69,70,75,142,143). A vigilance decrement in PI was also found in a 
recent monotonous driving investigation (144). Thus, it appears that mainly tasks 
with a high cognitive load are impaired in PI. 

Altogether, these data suggest that choice reaction tasks with a high 
cognitive load should be most appropriate for detecting cognitive deficits in PI. 
The Attentional Network Test (ANT) (100,101,107) seems a good option for 
addressing this issue. It is a suitable task to use for assessing, within a single task, 
executive control, orientating, and alerting. The ANT, which combines a cue 
detection task (101) and a flanker paradigm (145), is a complex choice reaction 
time test of about 25 min in duration in which participants have to report the 
orientation of a central arrow presented with or without distracters. In addition to 
the usefulness of the ANT as a powerful cognitive tool, the neural basis of the 
three networks has been well defined using neuroimaging investigations 
(100,106,107).  
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In this study, we aimed to better characterize cognitive deficits in PI patients in 
order to further understand their cognitive complaints. We looked at attentional 
and executive function because of their high involvement in daily living tasks, and 
because of the lack of data on executive function in PI. In addition, we included 
only untreated PI patients because sleep medication, particularly 
benzodiazepines, could be a confounding factor when assessing cognition (146). 
Thus, we compared orienting, alerting, and executive effects between a group of 
untreated PI patients and a group of good sleepers using the ANT. We 
hypothesized that PI patients would have poorer performance in executive control 
and orienting, and longer global reaction time than good sleepers.  
 
2. Methods 
 

2.1. Participants 
Twenty-one participants suffering from primary insomnia and without use of 
sleep-promoting agents (9 men and 12 women; mean age=48±16 years; age 
range=24-77 years) and sixteen good sleepers (6 men and 10 women; mean 
age=48±14 years; age range=23-64 years) were included in this study. They were 
recruited via announcements posted in public transports, medical centers, and 
newspapers. Following a telephone interview, participants from both groups were 
carefully examined by a sleep clinician to ascertain the primary insomnia diagnosis 
according to the DSM-IV for patients, and good sleep conditions for good 
sleepers. 

Participants included in the good sleepers group had to be self-defined as 
good sleepers, which was confirmed by polysomnography. Participants included in 
the insomnia group had to meet the following inclusion criteria according to 
DSM-IV primary insomnia criteria: (a) presence of a subjective complaint of 
insomnia for at least six months and with a minimum of three nights per week, 
defined as (i) difficulty initiating sleep (sleep onset latency (SOL)>30 min) and/or 
maintaining sleep (time awake after sleep onset>30 min), (ii) early awakening 
(waking up earlier than the desired wake time), or (iii) insufficient amount of sleep 
(<6.5 h of sleep); (b) insomnia or its perceived consequences causing marked 
distress or significant impairment of occupational or social function (e.g. 
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problems of concentration); and (c) presence of a subjective complaint of at least 
one negative daytime consequence attributed to insomnia (e.g. fatigue, mood 
disturbances). 

The exclusion criteria for both groups were: (a) current medical or 
neurological disorder that could compromise sleep; (b) serious psychopathology 
that could induce insomnia; (c) consumption of psychotropics or other 
medications known to alter or induce sleep as assessed with blood and urine 
screening the day of the experiment; (d) poor hygiene or habitual abnormal sleep 
patterns (e.g. night or shift work); and (e) other sleep disorders (assessed by 
polysomnography) such as sleep apnea (apnea-hypopnea index>10), or periodic 
limb movements during sleep (myoclonic index with arousal>10). Participants 
from both groups were also excluded if they: (a) had current or past dependence 
on alcohol, opiates, benzodiazepines, or any illicit drugs; (b) smoked more than 5 
cigarettes per day; (c) drank more than 28 units of alcohol per week; (d) consumed 
more than 150 mg of caffeine per day; (e) did not have normal or corrected to 
normal vision (visual acuity lower than 7/10). This protocol was granted ethical 
approval by the Caen Northwest III ethics committee and by the Health Ministry 
(number DGS 2005/0388). Each participant provided written informed consent 
in accordance with the requirements of the committee. 

2.2. General procedure 
The data for this paper were recorded as part of a study that assessed driving 
performance and sleep of PI patients and good sleepers (144). For the present 
paper, ANT data were analyzed and compared between the two groups.  

Participants underwent a night of polysomnography the day before the test 
day and were brought to the laboratory the next morning for the testing day. Urine 
and blood samples were taken to confirm their compliance with prohibitions 
against prior use of oral medication. The ANT was given at a similar time in both 
group (after the lunch break) because performance may vary with time of day 
(147). 
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The Attention Network Test (ANT)  
Participants were asked to complete the ANT in front of a computer and responses 
were collected through the keyboard of the computer. For a detailed description 
of both stimuli and procedure see the study of Fan and colleagues (100). Stimuli 
consisted of a row of five horizontal black lines with arrowheads pointing leftward 
or rightward presented on a grey background. The target was a left- or right-
pointed arrow located on the center of the screen, which was flanked by two 
arrows (flankers) on each side pointing in the same or in the opposite direction 
from the target (congruent trials and incongruent trials, respectively), or that were 
replaced by lines (neutral trials). A single arrow or line subtended 0.558° of visual 
angle. The participants’ task was to identify the direction of the centrally 
presented arrow on the screen by pressing buttons as fast as possible with the 
index finger of the right hand to indicate the direction of the arrow (the right 
button for the right direction and the left one for the left direction). A cue (a star) 
was presented before the presentation of the target. The cues could be: i) absent 
(no trials); or ii) presented at the center of the screen (center cue trials); iii) 
presented above or below the target place (spatial cue trials); or iv) presented 
simultaneously above and below the target (double cue trials). Therefore, three 
Flanker conditions (neutral, congruent, or incongruent) and four Cue conditions 
(no cue, center cue, spatial cue, and double cue) were possible. The cues and 
flankers were presented 1.06° above or below the fixation point.  

Each trial began with the presentation of a fixation cross in the middle of 
the computer screen. Subjects were instructed to keep their eyes fixed on the 
cross during the entire duration of the test. Then, at variable intervals (ranging 
from 400 to 1600 milliseconds), a cue was shown for 100 milliseconds. Four 
hundred milliseconds after the offset of the cue, a flanker display appeared, and 
remained on until the participant’s response, or for 1700 milliseconds if no 
response was given. The inter-stimulus interval was of 3500 milliseconds. After a 
24-trial practice block, participants performed three experimental blocks of 96 
trials each.  

2.3. Statistical analysis 
Characteristics of participants, the t-test, and Welch test were used if the 
normality hypothesis could not be rejected by the Shapiro-Wilk test. For non-
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Gaussian samples, preference was given to the Wilcoxon-Mann-Whitney test (See 
Table 1). Global performance of the participants (i.e. mean reaction time (RT)) 
was analyzed using a 3-ways repeated measures ANOVA with Group (Insomnia 
patients, Good sleepers) as a between-participant factor, and Cues (Spatial, 
Central, Double, No-Cue) and Flankers (Congruent, Incongruent, Neutral) as 
within participant repeated factors. In addition, alerting, orientating, and 
executive control performances were evaluated by measuring the influence of cue 
and flanker conditions on RT relative to a referent condition according to Fan and 
colleagues (100,106), as follows: RT no cue minus RT center cue for alerting, RT 
center cue minus RT spatial cue for orienting, and RT incongruent flankers minus 
RT congruent flankers for executive function. Then, intergroup comparison was 
performed for each attentional component with one-way ANOVA. Post hoc 
analyses were performed with the Tukey test. The size effects were calculated with 
Eta². The level of statistical significance was set at p<0.05. 
Statistical analyses were carried out using Statistica® software version 10. 

3. Results 
 

3.1. Participant characteristics 
The characteristics of participants are given in Table 1. Participants differed in 
their sleep quality (i.e. ISI and PSQI), but not in their circadian characteristics, 
daytime sleepiness (i.e. Epworth), nor in age. Due to technical problem, the ANT 
data from two participants could not be collected in the PI group. 
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Table 1. Characteristics of the insomnia patient and good sleeper groups, and statistical 
differences between groups. 

Characteristics Insomnia patients 
Mean (SD) 

Good sleepers 
Mean (SD) 

p values 

ISI 16.00 (4.96) 2.55 (1.64) <0.0001 
PSQI 10 (2.72) 4 (2.07) <0.0001 

Chronotype 57.81 (9.13) 60.33 (8.7) 0.42 
ESS 6.9 (4.55) 6.2 (3.88) 0.65 
Age 48.71 (16.18) 48.31 (14.21) 0.94 

ISI, Index of Insomnia severity (score and sleep difficulties increase proportionately; score>7 is considered to 
be an index of insomnia); PSQI, Pittsburgh Sleep Quality (score and sleep difficulties increase 
proportionately); Chronotype (according to Horne and Ostberg (148): 70-86=definitively morning type, 59-
69=moderately morning type, 42-58=neither type, 31-41=moderately evening type, 13-30=definitively 
evening type) ; ESS, Epworth Sleepiness Scale, daytime sleepiness questionnaire (score and sleepiness 
increase proportionately). 

3.2. Attentional Network Test Performance  
Separate one-way ANOVA performed to evaluate alerting, orienting, or executive 
control effects did not revealed any group difference (See Table 2). Detailed 
performance in the PI patient and good sleeper groups for each Cue and Flanker 
condition in the ANT are shown in Figure 1.  
 
 
Table 2. Mean reaction times (RT) and standard deviations (SD) for the alerting, 
orienting, and executive networks in the insomnia patients and in good sleepers, together 
with the statistical results. 
Attentional networks Insomnia patients 

Mean (SD) 
Good sleepers 

Mean (SD) 
df F p value 

Alerting (ms) 37.64 (24.14) 39.03 (28.80) 1 0.023 0.88 
Orienting (ms) 42.11 (35.45) 36.66 (26.12) 1 0.26 0.62 

Executive control (ms) 119.94 (43.30) 105.56 (34.04) 1 1.138 0.29 
df: degrees of freedom  

!
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Figure 1. Reaction time (in ms) for each Flanker and each Cue condition in patients with 
primary insomnia and in good sleepers. Error bars represent standard deviations. 
 
 
Statistical results with the 3-way repeated measures ANOVA (2 Groups, 4 Cues, 
and 3 Flankers) performed on the mean RT for the ANT are summarized in Table 
3. They showed a main effect of Group, Cue, and Flanker as well as significant 
Flanker by Group and Cue by Flanker interactions. The remaining interactions 
(Cue by Group and Cue by Flanker by Group) did not reach significance. 
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Table 3. Statistical results of the 3-way repeated measures ANOVA on the reaction time 
for the Attentional Networks Test (ANT). 
Effects Df F p value Partial eta2 
Group  1 5.24 0.029 0.14 
Cue 3 164.36 <0.0001 0.84 
Flanker 2 15.43 <0.0001 0.33 
Cue*Group 3 2.22 0.090 0.064 
Flanker*Group 2 3.27 0.044 0.092 
Cue*Flanker 6 118.97 <0.0001 0.79 
Cue*Flanker*Group 6 0.94 0.47 0.029 
Cohen (149) provided the following guidelines for interpreting the eta squared value: 0.01–0.059=small 
effect size, 0.06–0.139=medium effect size, >0.14=large effect size. Df, degrees of freedom. 

 
As shown in Figure 2, overall RT was longer in PI patients 

(575.26±90.58 ms) than in good sleepers (519.30±94.58 ms). For the 
Flanker*Group interaction, post hoc analyses revealed that RT for incongruent 
flankers (662.20±127.33 ms) was significantly longer than that for neutral 
(533.20±65.85 ms) and congruent flankers (541.0±68.64 ms) in the insomnia 
group (p<0.001, for both) whereas no significant difference in RT was found 
between the different Flanker conditions in the good sleepers group (see Figure 
3). As expected, post hoc analyses showed that RT for each Cue condition was 
significantly different from one other (p<0.05 for each comparison). For the Cue 
by Flanker interaction, it was due to a longer RT for the center Cue condition in 
the incongruent Flanker condition (652.10±86.08 ms) than in the Spatial Cue 
(585.80±80.94 ms), no Cue (654±86.49 ms), and double Cue conditions 
(628.30±87.95 ms) (p<0.05 for each comparison) across both groups. Our 
significant comparisons correspond to effect sizes above 0.14, a value generally 
considered as reflecting large effect sizes (149). 
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Figure 2. Overall reaction time (i.e. global reaction time for all Flanker and Cue 
conditions) for the Attentional Networks Test in patients with primary insomnia patients 
and in good sleepers. Vertical bars are standard errors for each group; **p<0.05. 

!!
Figure 3. Details of the reaction times (in ms) for each Flanker condition in patients with 
primary insomnia and in good sleepers. p<0.001***. Note that significant differences between 
flanker conditions involve only the insomnia patients group.  Error bars are not displayed since each 
participant was his own control in the repeated measures ANOVA. 
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4. Discussion 
 
Our findings show that PI patients have alerting, orienting, and executive control 
performances that are similar to good sleepers. However, an increased RT for the 
incongruent flanker condition compared to neutral and congruent flanker 
conditions was found in the group of PI patients only. Moreover, the overall RT 
was significantly longer in PI patients than in good sleepers.  

The lack of difference in performance between PI patients and good 
sleepers for alerting, orienting, and executive attention suggests the integrity of 
these three attentional networks in PI. However, the increased RT for the 
incongruent flankers compared to the other flanker conditions found in the PI 
group only argues in favor of slower reaction in PI patients when faced with a 
conflict situation. A methodological issue may explain these discrepant findings 
regarding executive control in PI. The three-way ANOVA that reveals a “Flanker 
by Group” interaction includes the 3 Flanker conditions (neutral, congruent, 
incongruent), and thus takes into account all aspects of the ANT task. By contrast, 
the one-way ANOVA performed on each attentional network performance 
compares two types of flankers only (congruent vs incongruent). Thus, by allowing 
a more in-depth analysis, the three-way ANOVA demonstrates impaired executive 
function in PI patients.  

The conflict process is one of the numerous processes included in the 
term executive function. The executive function is defined as complex cognitive 
processing that requires the coordination of several subprocesses to achieve a 
particular goal (150). Executive control includes a large range of abilities such as 
initiating, planning, setting goals, solving problems, regulating emotions, and 
monitoring behavior (102,150,151). Alterations have been found only for some 
aspects of executive function in PI. Impairment has been reported in problem 
solving but not in planning, reasoning, mental flexibility, or multitasking (67). 
The present study reveals that the conflict process is also impaired in PI. This 
result agrees with Liu’s study in which the ANT was also used in PI patients (152). 
In their study, as PI patients on medication were included, the impaired executive 
control performance observed could have been the result of the insomnia disorder 
per se or of the deleterious effects of medication on cognition (146). The results 
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of the present study indicate that PI per se leads to executive dysfunction. In 
addition, this study underlines the sensitivity of the ANT in revealing a conflict 
resolution deficit in PI. Indeed, Orff’s study (74) using the Stroop task (another 
conflict task) did not show any impairment in PI patients. 

Neuroimaging studies have shown prefrontal modifications in PI, a key 
cortical area for executive function (78). For instance, atrophy and hypoactivation 
during a fluency task have been reported in the dorsolateral prefrontal cortex 
(DLPC) of PI patients (72,77). fMRI and spectroscopic investigations have also 
revealed increased volume in the anterior cingulate cortex (ACC) (95), a 
prefrontal area known to be part of the anatomical network common to various 
conflict tasks (e.g. Flanker task, color and spatial Stroop tasks) (107,153). It has 
been reported that the Flanker task, which is part of the ANT, produces more 
interference and leads to greater activation in the ACC than the Stroop task (153). 
Thus, we hypothesize that the ANT, by more strongly recruiting the ACC than the 
Stroop task, was more appropriate than the Stroop task for highlighting conflict 
process impairment in PI. Therefore, a combined investigation using ANT and 
fMRI would be useful for gaining better knowledge about the recruitment of 
various cortical areas during the whole conflict resolution process in PI. 

 The normal performance of alerting and orienting networks in PI is in line 
with a previous report in which the ANT was also used (152). However, 
impairment in the orientation component of attention has been reported in PI 
using other tasks (154–158). These discrepant findings could be explained by the 
sleep-related stimuli used to assess the attentional bias in all of these studies that 
found impaired orientation. Because sleep is anxiety-producing in PI patients 
(80,159), such stimuli may have disturbed the tests. Further investigations that 
aim to compare orienting performance in PI patients using different stimuli, 
namely sleep-related vs neutral stimuli, are needed to confirm that sleep-related 
stimuli could induce a bias in the attentional assessment of those suffering from 
insomnia. Other highly demanding tasks eliciting alerting and orienting functions 
should also be further investigated in PI. For example, oculomotor paradigms have 
proved to be very useful in assessing cognitive functions, particularly spatial 
attention and executive function, as shown after sleep deprivation and drugs 
intake (147,160,161).  
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Finally, our result revealed a longer overall reaction time in PI patients 
compared to good sleepers. This result likely reflects impaired vigilance, as 
interpreted in light of similar findings using ANT in Attention Deficit 
Hyperactivity Disorder (162–164) and after sleep deprivation (165). Such 
vigilance decrements in PI during a long (almost 25 minutes) and high-cognitive 
demanding task (choice reaction time task) are consistent with previous reports. 
Previous investigations have revealed a vigilance decrement in PI patients by using 
challenging tasks such as a choice reaction time task (71), a Continuous 
Performance Test (70), or a complex vigilance task (69), a simple but long-lasting 
vigilance task (40 minutes) (142), and a monotonous one-hour driving task 
(144). By contrast, vigilance is not impaired in PI using tasks that are both simple 
and short-lasting such as the PVT (74,75,143,166,167).  

Using a long-lasting and highly demanding attentional task, this study 
contributes by making the cognitive complaints of PI patients more objective. 
Complaints of daytime cognitive difficulties are part of the PI diagnosis. PI 
patients have complaints of memory problems, difficulty with concentration and 
decision-making, and work related errors (168,169). These complaints are 
related to tasks that engage various cognitive and attentional functions. Numerous 
laboratory studies have failed to detect cognitive impairments in PI patients (see 
(67), for meta-analysis and (68), for review), probably because the tasks used did 
not engage some key characteristics of daily living tasks, which seem to be 
accurately brought together in the ANT. 
In conclusion, the present study reveals for the first time that untreated PI have a 
conflict resolution deficit, in agreement with the prefrontal alterations previously 
reported in these patients. Together with the vigilance decrement probably linked 
to the highly demanding situation of the task used, this result serves to highlight 
the difficulty for patients with PI for whom carrying out daily living tasks is often 
long-lasting and highly demanding.   
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Abstract 
 
Insomnia has been associated with an increased risk of having road accidents 
according to epidemiological studies. However, until now, no experimental study 
has been perfrmed to evaluate the driving performance of primary insomnia 
patients. The aim of the current investigation was to evaluate driving performance 
and psychomotor vigilance in patients with primary insomnia. For this purpose 
twenty-one primary insomnia patients and sixteen good sleepers performed a one-
hour simulated monotonous driving task and a psychomotor vigilance task (PVT). 
Self-ratings of sleepiness, mood, and driving performance were also completed. 
Results revealed a larger standard deviation of lateral position (p = 0.023) and 
more lane crossings (p = 0.03) in insomnia patients than in good sleepers. 
Analyses of time on task effects on performance showed that the impairment in 
patients occurred after 20 min of driving, which was not the case for good 
sleepers. No difference between groups was found for the PVT, neither for the 
mean reaction time (RT) (p = 0.43) nor the number of lapses (p = 0.21) and the 
mean slowest 10% 1/RT (P = 0.81). Patients rated their sleepiness level higher (p 
= 0.06) and their alertness level lower (p = 0.007) than did good sleepers (p = 
0.007). The self-evaluation of the driving performance was not different between 
groups (p = 0.15). These findings revealed that primary insomnia is associated 
with a performance decrement during a simulated monotonous driving task. We 
also showed that patients are able to drive safely only for a short time. It appears 
advisable for clinicians to warn patients about their impaired driving performance 
that could lead to an increased risk of driving accidents.
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1. Introduction 
 

One of the most prevalent sleep disorders is insomnia, which affects from 5% to 
30% of the general population (6,7,170). The wide range of prevalence values is 
mainly linked to the definition used to assess insomnia which differs across studies 
(5–7,171–174). The current work focuses on primary insomnia. According to the 
Diagnostic Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) 
definition, insomnia is a complaint of nonrestorative and/or insufficient sleep with 
various symptoms, such as difficulties in initiating and maintaining sleep and early 
morning awakenings associated with complaints of daytime consequences without 
comorbidity. Using this definition, the prevalence of primary insomnia was found 
to occur in 3–5% of the general population (7).  

Insomnia is a public health problem, with annual direct and indirect costs 
estimated at $1,253 greater than for patients without insomnia in the United 
States (15); these costs were estimated at $5,010 per year in the province of 
Quebec, Canada (16). These costs are the result of reduced productivity, higher 
work absenteeism, and non-motor vehicle accidents in patients with insomnia in 
comparison with good sleepers (11,13,175). Another consequence of insomnia is 
the increased risk of road accidents. Sleep disorders comprise one of the many 
factors suspected of increasing the risk of road accidents (20). Insomnia was 
associated with a 2.5- to 3-fold higher risk of serious road accidents in comparison 
with good sleepers, according to a French survey (176). However, no 
experimental studies have been performed to evaluate the effects of insomnia on 
driving performance. Staner and colleagues (177) showed that patients with 
insomnia treated with hypnotics had impaired driving performance in comparison 
with placebo-treated patients with insomnia. This study did not include a control 
group of good sleepers. Consequently, because the use of hypnotics is associated 
with impaired driving performance (178–180) and increased risk of driving 
accidents (181–183), whether insomnia without hypnotic treatment leads to 
impaired driving performance in comparison with good sleepers has not been 
established. The primary objective of the current study was therefore to evaluate 
the effects of untreated insomnia on driving performance.  
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Driving a car requires the possession of sufficient cognitive, visual, and 
motor skills, and involves managing attention in order to perform various driving- 
and non driving-related tasks (184). Epidemiological and experimental studies 
have focused on some factors leading to road accidents or driving impairments. 
Sleepiness and fatigue are often cited (185). For example, it has been 
demonstrated that sleepiness is responsible for almost 15–20% of road accidents 
(24,25,186–189). Because patients with primary insomnia have not been found 
to be sleepy in most studies (67), Smolensky and colleagues (20) hypothesized 
that the increase in car crashes may be caused by other factors, such as daytime 
fatigue and cognitive impairment, which are consistently reported. The secondary 
objective of this study was to assess the effects of untreated insomnia on a 
cognitive function, i.e., vigilance. For this, we used the classic test used in sleep 
deprivation and driving studies, the Psychomotor Vigilance Test (PVT), which is 
based on a simple visual reaction time (99,190–193). Assessment of subjective 
feelings, i.e., change of mood, alert feelings, and subjective driving performance 
evaluation, were assessed using the Karolinska Sleepiness Scale (KSS) (121), a 
Visual Analog Mood Scale (VAMS) (194), and a driving scale (195). 

2. Methods 
 
2.1. Participants 

Participants were recruited via announcements posted in public transportation 
centers, medical centers, and newspapers. Following a telephone interview, 
participants from both groups were carefully interviewed by a sleep clinician to 
ascertain: (1) sleeping difficulties and diagnosis of DSM-IV insomnia for the 
insomnia patients group; and (2) good physical condition: the absence of sleep, 
alertness, neurological, cardiovascular, respiratory, hepatic, renal, or metabolic 
disorders, and absence of poor hygiene or habitual abnormal sleep patterns (e.g., 
night or shift work) for the good sleepers group.  

Participants included in the insomnia group had to meet the following 
inclusion criteria according to DSM-IV primary insomnia criteria: (1) presence of 
a subjective complaint of insomnia, defined as difficulty initiating (sleep onset 
latency (SOL), >30 min) and/or maintaining sleep (time awake after sleep onset 
>30 min); (2) early awakening (<6.5 h of sleep or waking up earlier than the 
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desired wake time); (1) and (2) had to occur at least 3 nights per week; (3) 
insomnia for at least 6 mo; (4) insomnia or its perceived consequences causing 
marked distress or significant impairment of occupational or social function 
(problems of concentration); and (5) presence of a subjective complaint of at least 
one negative daytime consequence attributed to insomnia (e.g., fatigue, mood 
disturbances). 

The exclusion criteria were: (1) current medical or neurological disorder 
that could compromise sleep; (2) serious psychopathology that could induce 
insomnia; (3) consumption of psychotropic or other medications known to alter or 
induce sleep; (4) poor hygiene or habitual abnormal sleep patterns (e.g., night or 
shift work); and (5) other sleep disorders (assessed by polysomnography [PSG]) 
such as sleep apnea (apnea-hypopnea index >10), or periodic limb movements 
during sleep (myoclonic index with arousal >10). All participants with insomnia 
and good sleepers were excluded if they: (1) had current or past dependence on 
alcohol, opiates, benzodiazepines, or any illicit drugs; (2) smoked more than five 
cigarettes per day; (3) drank more than 28 units of alcohol per week; or (4) 
consumed more than 150 mg of caffeine per day. All participants had normal or 
corrected to normal vision (visual acuity greater than or equal to 7/10). They had 
all driven regularly for at least 2 y and drove at least 5,000 km/y. 

Twenty-one participants suffering from chronic primary insomnia (9 men 
and 12 women; mean age = 48 ± 16; age range = 24–77 y) and 16 good sleepers 
(6 men and 10 women; mean age = 48 ± 14; age range = 23–64 y) were included 
in this study. It was granted ethical approval by the Caen Northwest III ethics 
committee and by the Health Ministry (number DGS 2005/0388). Each 
participant provided written consent in accordance with the requirements of the 
committee.  

2.2. Experimental Procedure 
To avoid motion sickness, participants were familiarized with the simulator 1 w 
before the experimental day. None of the participants suffered from motion 
sickness. The day before the tests (driving, self-assessments, and PVT), the 
participants arrived at the sleep unit at 20:30 for a PSG recording. Lights out was 
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initiated at 22:30 and participants were awakened at 07:00 the following morning 
by the experimenter.  

After a standardized breakfast, participants were brought to the laboratory 
to perform the tests. At 08:30, blood and urine samples were collected for routine 
laboratory drug screening for alcohol, opiates, cocaine, cannabis, amphetamines, 
and barbiturates.  

At 09:00 (i.e, 2 h after waking up), participants were brought to the 
simulator room to complete a 1-h simulated driving test. After a short break, they 
completed self-assessment scales at approximately 10:15 (i.e., 3 h and 15 min 
after waking up) relating to their subjective sleepiness (KSS), their subjective 
mood (VASM), and their subjective driving performance. They underwent PVT at 
10:30 (i.e., 3.5 h after waking up). The PSG and daily schedules were 
standardized across all subjects and both groups (insomnia patients and good 
sleepers).  

2.3. Sleep Recordings 
Sleep was recorded using an ambulatory PSG monitor (Medatec Dream). A 
standard montage of PSG was used, including eight electroencephalographic 
(EEG) channels (F3, F4, C3, C4, O1, O2, T3, T4, referenced on A1 and A2), 
two electro-oculogram (EOG) channels, and one submental electromyogram 
channel. The setup was complemented by recordings from the left and right 
anterior tibialis muscle, recordings of nasal/oral airflow, thoracic and abdominal 
effort, body position, and oximetry.  All PSG were scored according to the 
standard criteria (196) by experienced sleep specialists (CC, FB).  

Objective measures of sleep included SOL (min), wake after sleep onset 
(WASO, min), total sleep time (TST, min), sleep efficiency (SE, %), total time 
(min), latencies (min), and percentage of stages 1, 2, 3-4, and rapid eye movement 
(REM). 

2.4. Simulated Driving Test  
The driving experiment was carried out on the SIM2 INRETS fixed-base driving 
simulator equipped with an ARCHISIM object database (197). This simulator is 
composed of a steering cab connected to a personal computer for managing signal 
acquisition, sound restitution, and image display (Figure 1). The images, 
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generated at a frequency of approximately 30 Hz, were projected by a video 
projector onto a screen (H: 60°; V: 49°) located 1.90 m from the driver’s eyes. 
The center of the screen was located at the driver's eye level (1.38 m). The 
acquisition frequency for the different signals (position, speed, acceleration, etc.) 
was 30 Hz. 

The monotonous driving test consisted of 1 h of driving in a driving 
simulator in monotonous conditions (no traffic, repetitive landscape). Participants 
were instructed to drive as straight as possible within the right traffic lane while 
maintaining a constant speed of 110 km/h. The primary parameter was the 
amount of weaving of the car, measured by the standard deviation of lateral 
position (SDLP, m), which is an index of safe driving or of road-tracking error. 
The SDLP was calculated using the lateral position data, and we first excluded all 
lateral position data that were outside the right traffic lane. Then, we calculated the 
mean lateral position and the standard deviation of this mean lateral position 
according to the mathematical definition of a standard deviation described in the 
study by Verster and Roth (198). The standard deviation of speed (SDS, km/h), 
the mean lateral position (mLP, m), mean speed (mS, km/h), and the number of 
lane crossings (LC) were also analyzed.  

We previously used the INRETS-FAROS simulator to evaluate 
monotonous driving performance after medication intake and showed that the 
simulator was sensitive enough to reveal driving impairments in monotonous 
conditions after drug intake (180). 

2.5. Vigilance Evaluation 
The PVT is a 10-min computerized task that assesses sustained attention and 
simple reaction time and requires continuous attention to detect randomly 
occurring stimuli (32,98). The PVT requires acknowledgment of a visual stimulus 
(a white circle presented at the center of the screen) by pressing the response 
button. The response time was displayed on the screen after a subject’s response. 
If the participant responded later than 500 ms or failed to respond within 1.5 sec, 
a “lapse” was recorded. Each stimulus was separated by a randomly determined 
interstimulus interval ranging from 3 to 10 sec. The number of lapses (n), the 
mean reaction time (RT) (ms) and the mean slowest 10% 1/RT (ms) were 
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quantified. A lapse was defined as a response slower than 500 ms, in accordance 
with Drummond and colleagues (199). The variable “slowest 10% 1/RT” was 
calculated according to the methodology described in Basner and Dinges. For 
calculating mean 1/RT and then the slowest 10% 1/RT, each RT (ms) was divided 
by 1,000 and then reciprocally transformed. The transformed values were then 
averaged.  

2.6. Subjective Evaluations 
After the monotonous driving task, all participants rated their sleepiness with the 
KSS (121), their subjective feelings regarding change of mood with VAMS (194), 
and their “subjective driving quality”, using a continuous scale for self-rating their 
driving quality (195) . 

The KSS is a nine-point verbally-anchored scale with the following stages: 
(1) very alert; (3) alert; (5) neither alert nor sleepy; (7) sleepy; and (9) very sleepy, 
fighting sleep. Other points represent intermediate stages between the two 
neighboring points without definitions. This scale is often used to evaluate the 
acute sleepiness level (200). 

The driving scale consisted of a 100-mm vertical visual analog scale with 
three levels: (1) “I drove exceptionally poorly” at 0 mm; (2) “I drove normally” at 
50 mm; and (3) “I drove exceptionally well” at 100 mm. Responses were given on 
a visual analog scale of 100 mm with an “x” marked at the appropriate level. If the 
response was near ± 50 mm, the participants estimated that they drove normally 
and safely.  

The VAMS comprised nine 100-mm lines anchored by antonyms 
(alert/drowsy, attentive/dreamy, muzzy/clear-headed, mentally slow/quick-
witted, lethargic/energetic, well coordinated/clumsy, strong/feeble, 
interested/bored, proficient/incompetent). Participants were asked to place a 
mark on the horizontal line equivalent to the strength of a particular feeling at the 
given time before and after the driving task. 

 
2.7. Statistical Analysis 

Statistical analyses were carried out using R 2.15.0 software (www.r-project.org). 
The driving and VAMS data that were analyzed are of longitudinal structure with 
both random and fixed effects. To capture these effects, we selected linear mixed 
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effects models as the methodological approach. To capture serial within-subject 
correlation, we investigated different correlation structures. Using the Bayesian 
information criterion (BIC), the time series typical AR(1) error structure was 
selected. Moreover, heteroscedasticity of the residuals was taken into account by 
the model structure. To evaluate whether a variable had a significant effect, we 
followed the approach of Pinheiro and Bates (201) and compared models with and 
without the respective variable by means of a likelihood ratio test (LRT). The 
statistical result of this model comparison is represented as the likelihood ratio 
L.r. value and the associated P value (e.g., L.r. = XX; P = XX). When the LRT 
indicated a significant effect of a variable, the coefficients of the model were 
further examined and represented as the t and p values associated with each 
variable tested (e.g., t(35)= XX; p = XX). For analyses with several variables of 
interest, these were included stepwise into the model: starting with the variable 
subject to the strongest effect, and successively adding those with weaker effect. 

For driving data, the choice of comparing the first 20 to the last 30 min via 
a dummy variable was taken after visual inspection of the data, which suggested 
that the two groups progressed differently over time. As the main effect manifests 
itself via a constant increase in the variable considered during the last 30 min, the 
modeling approach via a dummy variable seemed natural from a statistical point of 
view. Therefore, we added a dummy variable for the last 30 min of driving in 
interaction with the group membership. 

For comparisons of two (unpaired) groups, the t-test and Welch test were 
used if the normality hypothesis could not be rejected by the Shapiro-Wilk test. 
For non-Gaussian samples, preference was given to the Wilcoxon-Mann-Whitney 
test. 
Finally, the relationship of the main parameter of driving (SDLP) with the main 
sleep variables (TST, SE) was evaluated with tests for correlation, and 2 × 2 
frequency tables were analyzed by Fisher’s exact test. 

For all statistical methods applied, we report the respective effect sizes. 
That is, for comparison of two groups we provide Cohen’s d (149) and Cliff delta 
(202). Cliff’s delta is more appropriate for samples violating the normality 
assumption, whereas Cohen’s d should be considered in the gaussian case. The 
effect size calculated for 2 × 2 frequency tables is the phi coefficient (203), and for 
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mixed effects models we used partial and conditional R2, introduced by Nakagawa 
and Schielzeth (204). The level of statistical significance was set at p < 0.05. 

3. Results 
 

After PSG screening, five of 42 participants were excluded because of other sleep 
disorders (e.g., sleep apnea or periodic limb movement), three of them were in the 
insomnia group and two in the good sleepers group. Twenty-one patients with 
insomnia and 16 good sleepers were included in the final analyses (Table 1). 
 

3.1. Sleep Recordings 
Participants with insomnia had significantly lower SE (p = 0.048) and a longer 
duration of awakenings after sleep onset (p = 0.021) compared to good sleepers. 
Patients with insomnia and good sleepers did not differ in the other sleep 
parameters (Table 2). 
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Table 1. Baseline characteristics of participants 
Q

uestionnaires 
IN

S (n = 21)                
M

ean (SD
) 

G
S (n = 16)             

M
ean (SD

) 
Statistical 
test used a 

p 
values 

Effect sizes b. c 

C
ohen’s  

d 
C

liff’s 
delta 

ISI 
16.00 (4.96) 

2.55 (1.64) 
t 

<0.001 
3.94 

1.00 

PSQ
I 

10 (2.72) 
4 (2.07) 

t 
<0.001 

2.54 
0.95 

H
orne and O

stberg 
57.81 (9.13) 

60.33 (8.7) 
t 

0.42 
0.28 

-0.14 

Epw
orth 

6.9 (4.55) 
6.2 (3.88) 

t 
0.65 

0.16 
0.12 

D
riving license (date 

of obtention) 
1980 (15) 

1983 (13) 
W

 
0.63 

0.19 
-0.10 

N
um

ber of accidents 
0.7 (0.92) 

0.92 (0.95) 
W

 
0.51 

0.15 
-0.10 

A
ge 

48.71 (16.18) 
48.31 (14.21) 

W
 

0.94 
0.026 

-0.012 

Sex 
9M

/10F 
6M

/10F 
χ

2 
0.73 

0.041
c 

Between-group analyses:  aThe t-test/W
elch test were used if the normality hypothesis was not rejected by the Shapiro-W

ilk test. For non-Gaussian samples, preference 
was given to the W

ilcoxon-M
ann-W

hitney test. For the categorical sex variable, Fisher’s exact test investigates the equality hypothesis of the population probabilities, 
and the Ф

 coefficient measures the effect size. bEffect sizes were calculated for all comparisons. W
e report Cohen’s d and Cliff delta, where Cohen’s d should be 

preferred for gaussian and Cliff’s delta for non-Gaussian samples. c W
e used the Ф

 coefficient for measuring the effect size of the categorical sex variable. p <0.05 was 
considered significant between groups.  GS, good sleepers; INS, insomnia patients; ISI, Insomnia Severity Index; PSQ

I, Pittsburg Sleep Q
uality Index; SD

, standard 
deviation.
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Table 2. Sleep characteristics of participants 
Sleep 

param
eters 

IN
S (n = 21)                

M
ean (SD

) 
G

S (n = 16)             
M

ean (SD
) 

Statistical 
test used a 

p values 
Effect sizes b 

C
ohen’s d 

C
liff’s delta 

TSP (m
in) 

462.52 (29.53) 
448.46 (53.72) 

W
 

0.72 
0.35 

0.077 

TST (m
in) 

376 (49.96) 
395.85 (55.28) 

t 
0.29 

0.40 
-0.22 

SE (%
) 

74.38 (10.19) 
81.38 (7.67) 

t 
0.030 

0.75 
-0.43 

R
EM

 Latency 
(m

in) 
175.85 (93.56) 

133.92 (31.24) 
W

 
0.32 

0.54 
0.21 

W
ake tim

e (m
in) 

86.14 (50.24) 
51 (32.88) 

W
 

0.045 
0.79 

0.42 

N
um

ber of 
W

A
SO

 
28.52 (14.81) 

20.22 (8.09) 
W

 
0.085 

0.65 
0.36 

Stage 1 (%
 TST) 

13.13 (5.23) 
12.06 (4.37) 

t 
0.53 

0.22 
0.12 

Stage 2 (%
 TST) 

40.89 (9.43) 
45.92 (8.69) 

t 
0.12 

0.55 
-0.29 

SW
S (%

 TST) 
28.89 (8.61) 

25.05 (5.77) 
t 

0.13 
0.50 

0.26 

R
EM

 (%
 TST) 

15.56 (5.43) 
16.96 (3.58) 

t 
0.37 

0.29 
-0.17 

Between-group analyses: a The t-test/W
elch test were used if the normality hypothesis was not rejected by the Shapiro-W

ilk test. For non-Gaussian samples, preference 
was given to the W

ilcoxon-M
ann-W

hitney test.  
bEffect sizes were calculated for all comparisons. W

e report Cohen’s d and Cliff delta, where Cohen’s d should be preferred for gaussian and Cliff’s delta for non-
Gaussian samples. p < 0.05 was considered significant between groups. GS, good sleepers; INS, insomnia patients; REM

, rapid eye movement; SD
, standard deviation; 

SE, sleep efficiency; SW
S, slow wave sleep; TSP, total sleep period; TST, total sleep time, W

ASO
, wake after sleep onset.  
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3.2. Monotonous Driving Test 
Results are presented in Table 3a and b, and the electronic supplement 

contains a table with more detailed statistical results of the mixed effects model 
estimation used for the main driving parameters. 

Analysis of the primary parameter, the SDLP variable, showed a 
significant group effect (L.r. = 5.34; P = 0.021). The model coefficient indicated 
that participants with insomnia had a significantly greater SDLP than good 
sleepers (t(35) = 2.38; p = 0.023). The resulting division of the test into two 
periods (the first 20 min and last 30 min) using the dummy variable is supported 
by the LRT (L.r. = 7.55; p = 0.023). Investigation of the model coefficients 
revealed a significant difference between the two periods for the insomnia group 
(t(146) = 2.70; p = 0.008). However, no significant difference between the two 
periods could be detected in the good sleepers group (t(146) = -0.53; p = 0.60). 
These results indicate that the insomnia group is subject to a significant increase 
in the SDLP after 20 min of driving.  

Similarly, analyses of data on the number of lane crossings showed a 
significant effect of both the group variable (L.r. = 4.82; p = 0.0282) and the 
aforementioned dummy variable effect (L.r. = 13.89; p = 0.001). The model 
coefficient indicated a significant difference between patients with insomnia and 
good sleepers (t(35) = 2.2; p = 0.030). Moreover, participants with insomnia 
showed a significant increase in the number of lane crossings (t(146) = 3.03; p = 
0.003) during the last 30 min, whereas a smaller but significant decrease in the 
number of lane crossings occurred in the good sleepers group (t(146) = -0.26; p = 
0.025) (Table 3 and Figure 2). 

Significant effects of the dummy variable are indicated on the graph. The 
dummy variable represents the comparison between the period of the first 20 min 
and the period of the last 30 minutes of driving for each group. P < 0.05 was 
considered significant between periods. No significant group effect was found for 
the SDS (p = 0.617), the lateral position (p = 0.061), or the mS (p = 0.646). 
These three parameters were used as controls to ensure that participants 
respected the driving instructions (Table 3b). 
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Table 3a, b. M
onotonous driving task results 

M
ain driving 

param
eters 

IN
S

 (n = 21)                
M

ean (S
D

) 
G

S
 (n = 16)             

M
ean (S

D
) 

G
roup 

effect 
D

um
m

y variable 
x insom

niacs 
D

um
m

y 
variable × 

good sleepers 

M
arginal R

2,  
conditional 

R
2 

S
D

LP
 (m

) 
(first 20 m

in) 
0.41 (0.09) 

0.36 (0.09) 
0.023 

0.008 
0.60 

0.12 
0.83 

S
D

LP
 (m

) 
(last 30 m

in) 
0.43 (0.12) 

0.36 (0.08) 

Lane 
crossings 

(first 20 m
in) 

0.29 (0.60) 
0.47 (0.92) 

0.03 
0.003 

0.025 
0.09 
0.12 

Lane 
crossings 

(last 30 m
in) 

1.02 (1.52) 
0.13 (0.33) 

For the main driving parameters, a linear mixed effects model with two fixed effects, the group variable and a binary dummy variable corresponding to the last 30 min of 
driving, was estimated. The model was fitted stepwise by including the group effect, the dummy variable, and their interaction. M

arginal and conditional R
2 quantify the 

effect size and model fit in terms of proportion of explained variance by random and fixed effects, respectively. Note that the structure of the lane crossing data (zero-
inflated count data) results in comparably low values. 
GS, good sleepers; INS, insomnia patients; SD

, standard deviation;  SD
LP, standard deviation of lateral position.
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S

econdary driving 
param

eters 
IN

S
 (n = 21)                

M
ean (S

D
) 

G
S

 (n = 16)             
M

ean (S
D

) 
S

tatistical 
test used a 

p 
values 

E
ffect sizes b 

C
ohen’s 

d 
C

liff’s 
delta 

S
D

S
 (km

/h) 
2.81 (2.63) 

2.27 (1.94) 
W

 
0.62 

0.23 
0.10 

Lateral position 
(m

) 
7.37 (0.21) 

7.5 (0.21) 
T 

0.061 
0.64 

-0.39 

M
ean speed 
(km

/h) 
111.44 (3.39) 

111.12 (1.32) 
W

 
0.65 

0.12 
0.092 

a The t-test/W
elch test were used if the normality hypothesis was not rejected by the Shapiro-W

ilk test. For non-Gaussian samples, preference was given to the 
W

ilcoxon-M
ann-W

hitney test. bEffect sizes were calculated for all comparisons. W
e report Cohen’s d and Cliff delta, where Cohen’s d should be preferred for gaussian 

and Cliff’s delta for non-Gaussian samples. p < 0.05 was considered significant between groups. GS, good sleepers; INS, insomnia patients; SD
, standard deviation;  

SD
LP, standard deviation of lateral position; SD

S, standard deviation of speed. 
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Figure 1. Example of the visual interface of the simulator used for the experiment. 

 

 

Figure 2. Standard deviation of lateral position (SDLP) throughout the driving task. 
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3.3. Self-Assessment Scales 
Results are presented in Table 4a and b, and the electronic supplement provides a 
table with details on the mixed effects model used for the VAMS. 

Patients with insomnia evaluated their own driving performance as accurately 
as good sleepers (p = 0.15). Results of the sleepiness scale revealed a non-
significant trend in group effect; insomnia patients felt less awake than good 
sleepers (p = 0.060) (Table 4a). For the VAMS data analyses with a mixed model, 
group and time of testing revealed significant effects of group (L.r. = 7.64; p = 
0.006) and session (L.r. = 4.03; p = 0.045). The coefficients of the model 
showed that the patients with insomnia had a lower alertness score than the good 
sleepers (t(36) = 2.87; p = 0.007); participants with insomnia felt less alert than 
good sleepers. Moreover, the model coefficients revealed a significantly higher 
alertness score for the session before driving than for the session after driving; the 
participants felt less alert after driving than before driving (t(35) = 2.10; p = 0.043) 
(Table 4b). 

3.4. Psychomotor Vigilance Test 
Analyses of the PVT data showed no group effect for all variables analyzed (Table 
5).  

3.5. Correlation Between Driving and Sleep Data 
Coefficients of correlation revealed a significant negative effect of TST (p 

= 0.011) and SE (p=0.009) for predicting the weaving of the car (SDLP), but no 
significant effect for the duration of WASO. When TST or SE decreases, SDLP 
increases, thus driving performance decreases (Table 6). 
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 Table 4a, b. Results of the self-assessm
ent scales 

S
elf-assessm

ents 
scales 

IN
S

 (n = 21)                
M

ean (S
D

) 
G

S
 (n = 16)             

M
ean (S

D
) 

S
tatistical test 

used a 
p 

values 
E

ffect sizes b 

C
ohen’s 

d 
C

liff 
delta 

K
S

S
 (S

leepiness) 
4.81 (2.05) 

3.47 (1.93) 
t 

0.060 
0.49 

-0.24 

D
riving 

perform
ance 

(-)0.44 (2.52) 
0.82 (2.74) 

W
 

0.15 
0.76 

0.36 

a The t-test/W
elch test were used if the normality hypothesis was not rejected by the Shapiro-W

ilk test. For non-Gaussian samples, preference was given to the 
W

ilcoxon-M
ann-W

hitney test. bEffect sizes were calculated for all comparisons. W
e report Cohen’s d and Cliff delta, where Cohen’s d should be preferred for gaussian 

and Cliff’s delta for non-Gaussian samples. p < 0.05 was considered significant between groups. GS, good sleepers; INS, insomnia patients; KSS, Karolinska Sleepiness 
Scale; SD

, standard deviation. 
 For the VAM

S, a linear mixed effects model with group and session variables as fixed effects was used, as before fitted stepwise. No interaction of the session and group 
variables was found. M

arginal and conditional R
2 quantify the effect size and model fit in terms of proportion of explained variance by random and fixed effects, 

respectively. p < 0.05 was considered significant between groups. GS, good sleepers; INS, insomnia patients; SD
, standard deviation; VAM

S, Visual Analog M
ood Scale.

V
A

M
S

 
IN

S
 (n = 21)                

M
ean (S

D
) 

G
S

 (n = 16)             
M

ean (S
D

) 
G

roup 
effect 

S
ession 
effect 

M
arginal R

2, 
conditional  

R
2 

V
A

M
S

  
(before driving) 

2.79 (1.70) 
1.90 (1.28) 

0.007 
0.043 

0.54 
0.14 

V
A

M
S

  
(after driving) 

3.79 (2.13) 
2.12 (0.97) 
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!  Table 5. Results for the Psychom
otor Vigilance Test 

P
V

T 
param

eters 
IN

S
 (n = 21)                

M
ean (S

D
) 

G
S

 (n = 16)             
M

ean (S
D

) 
S

tatistical 
test used a 

p 
values 

E
ffect sizes b 

C
ohen’s d 

C
liff’s 

delta 
M

ean R
T 

(m
in) 

267.98 (39.57) 
259.68 (22.60) 

T 
0.43 

0.25 
0.20 

M
ean 

S
low

est 
10%

 1/ R
T 

(m
in) 

536.10 (257.05) 
433.44 (151.05) 

W
 

0.81 
0.47 

0.25 

N
um

ber of 
lapses 

3.62 (5.27) 
1.31 (1.40) 

W
 

0.21 
0.17 

0.051 

a The t-test/W
elch test were used if the normality hypothesis was not rejected by the Shapiro-W

ilk test. For non-Gaussian samples, preference was given to the 
W

ilcoxon-M
ann-W

hitney test. bEffect sizes were calculated for all comparisons. W
e report Cohen’s d and Cliff delta, where Cohen’s d should be preferred for gaussian 

and Cliff’s delta for non-Gaussian samples. GS, good sleepers; INS, insomnia patients; PVT, Psychomotor Vigilance Test; RT, reaction time; SD
, standard deviation. p < 

0.05 was considered significant between groups. 

Table 6. Results of correlation between standard deviation of lateral position and sleep param
eters 

 
C

orrelation w
ith 

TS
T r (p value) 

C
orrelation w

ith 
S

E
 

r (p value) 
S

D
LP

 
(m

) 
-0.44 (0.011) 

-0.44 (0.0096) 

Linear correlation between SD
LP and the main sleep parameters were obtained by using Pearson product moment correlation coefficient r. For none of the variables 

involved, normality was rejected by the Shapiro-W
ilk test. p < 0.05 was considered significant between groups. SD

LP, standard deviation of lateral position; SE, sleep 
efficiency; TST, total sleep time.  
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4. Discussion 
 

This study was primarily aimed at evaluating the driving performance of untreated 
patients with primary insomnia in comparison with good sleepers. Our results 
revealed that patients with primary insomnia had impaired simulated monotonous 
driving performance compared to good sleepers, as shown by the increase in 
SDLP and the number of road exits. These findings indicate that patients with 
primary insomnia experienced more difficulty in maintaining the trajectory of the 
simulated vehicle than did good sleepers. In terms of traffic safety, each driving 
lane crossing could lead to a loss of trajectory control and thus to a potential 
accident. The impaired simulated driving performance in the insomnia group 
appeared to be in agreement with an epidemiological study showing that patients 
with insomnia had approximately three times more risk of having traffic crashes 
than controls (176). However, in this epidemiological study (176), no specific 
analysis was performed between treated and untreated patients with insomnia. The 
current study is the first to reveal that simulated monotonous driving performance 
is impaired in patients with primary insomnia. Moreover, the current findings also 
revealed that impairments occurred during the last 30 min, both for the SDLP and 
the number of lane crossing parameters, which indicates that patients with 
insomnia were no longer able to perform as well as good sleepers after 20 min of 
simulated driving.  

Although the values of SDLP in the current study are higher than those 
usually found in on-the-road driving studies (205), they are in agreement with 
values reported in several studies using simulators (206,207). The difference in 
SDLP values can be explained by several methodological characteristics inherent 
to the simulators such as the field of vision, the force feedback of the steering 
wheel, or the type of road (straight line or curves). In addition, the experimental 
conditions between on-the-road driving and simulators studies are quite different 
in terms of awareness of danger, light exposure, proprioceptive feedback, and 
stimulating environment. We may hypothesize that a simulated environment has 
facilitated the detection of an impaired driving performance in the untreated 
group with insomnia. Nevertheless, this has no influence on the comparison 
between the insomnia and control groups because only the performance 
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difference between both groups has a significant meaning, and both groups 
completed the simulated driving task in the same experimental conditions. 
 The secondary objective of this study was to assess performance of 
sustained attention by using the PVT, which is sensitive to sleep pressure 
(32,98,99,208). The lack of impairment found in the insomnia group is in 
agreement with previous studies that used similar simple short duration reaction 
time tasks (68).  Orff and colleagues (74) used the same PVT as that used in the 
current study, and did not find any significant impairment although their sample 
size was larger than ours (32 insomnia patients and 17 good sleepers). In 
comparison, performance impairments in insomnia patients were observed only if 
complex short duration reaction time tasks were used (69,71). The effect sizes 
reported for the PVT in the current study were small to medium, which may 
indicate that a larger sample size might be required to render the differences 
statistically significant. We subsequently carried out a Monte Carlo approach to 
check which sample size would have been required to obtain a sufficient level of 
power (0.8). The results obtained show that very large sample sizes are required 
(more than 90 participants for the variable number of lapses, which is the smallest 
sample size required among all variables). Thus, our findings indicate that both 
groups are subject to very small differences and that the PVT may not be the best 
method for highlighting cognitive dysfunction in insomnia. 

The lack of impairment in the PVT in the current study is also in 
agreement with the lack of impairment observed during the first 20 min of the 
monotonous driving test, suggesting that patients with insomnia are able to 
maintain the same performance level as good sleepers during tasks of relatively 
short duration with low cognitive demand. Although the monotonous motorway 
driving test used in the current study is probably more complex than the PVT, it 
involves automatic processing and requires a low attentional demand (209). These 
findings revealed that patients with insomnia are able to adequately perform a 
relatively simple task of short duration, but are not able to maintain their level of 
performance when the task is longer, even if it is simple. We hypothesized that 
patients with insomnia probably compensate their effort during the first 20 min of 
the driving task and during the PVT. This compensatory effort is probably because 
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of the hyperarousal phenomenon (80,81), which masks impairment when short or 
simple tests are used.  

The subjective measures were used to characterize variations in driver 
performance and alertness level. The KSS measures, although significantly 
different between the two groups, did not show patients with insomnia to be 
sleepy. They only felt slightly less awake than good sleepers, which is in agreement 
with a previous study (67). The VAMS revealed that the level of alertness was 
lower after the driving task in comparison to before for both groups, which is 
probably linked to the long duration of the driving task. Moreover, patients with 
insomnia felt less alert than good sleepers both before and after the driving test. It 
is interesting to observe that the level of alertness was on average more changed in 
the insomnia patients group than in the good sleepers group after the driving test. 
Although this interaction did not reach significance level, this result suggests that 
the monotonous driving test required more effort for the patients with insomnia 
than for the good sleepers. No correlation was found between the insomnia 
severity index and both objective and subjective measures of driving performance 
(data not shown). However, the subjective scale of driving performance revealed 
that the patients with insomnia seemed to be unaware of their driving difficulties 
because they estimated their driving performance as normal, as did good sleepers. 
This dissociation between objective evaluation and subjective perception is an 
important concept in traffic safety because drivers can overestimate their own 
ability to drive safely.  

Sleep analysis showed that patients with insomnia objectively slept worse 
than did good sleepers in the laboratory, which confirmed subjective complaints 
measured by the PSQI. Findings on sleep architecture in primary insomnia are 
inconsistent (79,210). Nevertheless, our results demonstrate that the simulated 
driving impairment was associated with both poor SE and quantity; the worse 
participants slept, the worse they drove. Interestingly, this link was found for both 
groups, with no intergroup differences observed. This result implies that the 
simulated driving performance depends on the quantity and the efficiency of sleep, 
independent of the participant status (being a patient with insomnia or a good 
sleeper). This relation between sleep quality and daily performance is thus in line 
with the study by Fernandez-Mendoza and colleagues (211) which reported that 
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only patients with insomnia with short sleep duration had objective cognitive 
dysfunction, which was not found in patients with insomnia with normal sleep 
duration.  

Although the wide age range of the participants may be a limitation of the 
current study, no age effect was found in any parameter. However, a limitation of 
the study is the relatively small sample size of participants that may have prevented 
us from being able to assess whether young persons with insomnia experienced 
more impairments than older persons, as suggested by another study (212). 

Because most patients with insomnia are treated with hypnotics, further 
research is needed to study this population to assess whether the treatment has 
beneficial or deleterious effects on driving performance. This question remains to 
be addressed, as it has been clearly shown that hypnotics impair driving 
performance after a single intake in healthy young or older subjects (178,180), or 
after 1 w of treatment in patients with insomnia (177), but the effects of long-term 
treatment with hypnotics have not yet been studied. 

In conclusion, the current study revealed that primary insomnia was 
associated with impaired driving performance during a simulated monotonous 
driving task. We also demonstrated that patients were able to drive for very short 
periods (less than 20 min), but when the duration of the task was longer, 
impairment occurred (probably because of decreased vigilance). The current 
findings highlight complaints expressed by patients regarding performance of 
daily tasks. It appears advisable for clinicians to warn patients about their impaired 
driving performance that could lead to an increased risk of driving accidents, 
particularly if they have to drive for relatively long periods of time in a monotonous 
environment. In addition, the current findings indicate that the driving 
impairments appeared to be associated with poor sleep efficiency and quantity 
without distinction between groups. 
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Abstract 
 
Insomniacs report decreased performance in daily routines, which may have 
detrimental consequences for car driving. We compared changes over time in 
driving performance (measured as Standard Deviation of Lateral Position – SDLP) 
and background EEG between 20 untreated insomnia patients (52-70 years old) 
and 21 normal sleepers (54-73 years old) during a one hour on-the-road driving 
test after a normal night of sleep, in the morning. SDLP did not differ between 
groups and increased slightly over time to similar degrees in both groups. EEG 
alpha and beta power were lower in insomniacs as compared to normal sleepers. 
Alpha and beta power slightly reduced during driving in normal sleepers but 
remained at a constant low level in insomniacs. Changes in EEG power and SDLP 
were not related. It is concluded that on-the-road driving performance does not 
differ between older insomniacs and older normal sleepers and that changes in 
spectral EEG measures of cortical arousal and in driving performance are not 
related. 
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1. Introduction 
 
Insomnia is one of the most common complaints seen in medical practice. 
Approximately one-third of the general population experiences some insomnia 
symptoms occasionally, and it is estimated that approximately 10% suffers from 
chronic insomnia (5,6). Insomniacs report reduced performance in daily routines, 
which may have detrimental consequences in particular for potentially hazardous 
activities such as car driving. A number of studies have shown that the 
consequences of sleep problems include decreased work productivity, increased 
risk for accidents, increased health care costs (11,13,20,213). Specific 
impairment of driving performance and increased risks for traffic accidents has 
been shown for sleep disturbances, such as obstructive sleep apnea, periodic limb 
movement disorder and sleep deprivation (e.g. (20,51,214,215). The link 
between insomnia and driving impairment is less clear, however 
(11,24,176,215,216). Few epidemiological studies have found increased traffic 
accident risks in insomnia patients (217,218), while several others do not 
(24,215,219,220). The inconsistent findings in epidemiological research are in 
line with those of experimental research. Experimental studies have generally 
failed to establish objective evidence of cognitive dysfunction, despite insomnia 
patients’ subjective feelings of fatigue and cognitive impairments (67,68). 

Recently, two studies comparing driving performance of insomnia patients 
to that of normal sleepers, found significant impairment in a driving simulator 
task, but no differences in an on-the-road driving test (144,221). Leufkens and 
colleagues (221) compared sleep and performance between a group of 20 older 
untreated insomnia patients, a group of 22 chronic users of hypnotics and a group 
of 21 age-matched normal sleepers, using a one-hour on-the-road highway driving 
tests and a battery of tests measuring driving related cognitive and psychomotor 
performance. Results showed no significant differences between groups in 
performance, despite significant sleep complaints in the insomnia patients. In 
contrast, Perrier and colleagues (144), using a driving simulator, found that 
insomnia patients performed worse than normal sleepers. The impairment found 
in insomnia patients seemed to be due to a performance decrement in the second 
half of the test, i.e. after 20 minutes of monotonous driving on a highway. This 
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suggests that insomnia may show more pronounced vigilance decrements than 
normal sleepers during long and monotonous tasks, such as a simulated highway 
driving task.  

The lack of impairment during real driving in the study by Leufkens and 
colleagues (221) raises the question whether this may have been due to 
hyperarousal in patients. Current models of primary insomnia assume that patients 
are hyperaroused or unable to de-arouse, which would account for their 
difficulties in initiating and maintaining sleep but also for the absence of daytime 
sedation and associated performance impairment (80,81). Several studies have 
looked at EEG markers of arousal during sleep in insomnia patients and have 
found increased power in the beta and sigma frequency band around sleep onset 
and during NREM sleep, reflecting increased cortical activation in patients as 
compared to normal sleepers ((79) for review). Only two studies have been 
published evaluating daytime waking EEG in insomnia patients. In line with 
findings during sleep, Wolynczyk and Szelenberger (82) report increased beta 
power during daytime Multiple Sleep Latency Tests, whereas Wu and colleagues 
(83) report no significant differences between patients and normal sleepers in 5-
minutes resting EEG recordings with eyes open and eyes closed. It is therefore not 
clear whether EEG in insomnia patients during task performance such as driving 
will show changes as indication of increased arousal.  

A few studies evaluated background EEG during on-the-road driving in 
healthy volunteers and found that brain activation decreases (i.e. increases in theta 
and alpha power spectra) with time-on-task (222,223), during night-time driving 
(65,224,225), and after sleep deprivation (226). Similar changes in EEG have 
been reported by investigators using driving simulators (e.g. 
(52,135,137,227,228). EEG changes such as increases in alpha and theta 
activity, and decreases in beta activity, are often associated with decreased 
alertness, increased drowsiness and worse performance (125). Until now, no 
study compared EEG during driving between insomnia patients and normal 
sleepers.   

The purpose of the present study was to assess whether changes in 
spectral EEG measures are related to changes in driving performance in older 
insomnia patients. It was expected that insomnia patients on average show 
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increased cortical arousal during driving as compared to normal sleepers, in 
particular more beta power, and less alpha and theta power. It was also expected 
that insomniacs do not display increased indicators of fatigue and sleepiness (i.e. 
theta and alpha); contrary to normal sleepers. In addition it is expected that 
impaired driving in patients is associated with reduced beta power, rather than 
increased alpha or theta power compared to normal sleepers.  

2. Methods 
 
2.1. Design 

Data for this paper were collected as part of study that compared sleep, on-the-
road driving performance and driving related skills between older untreated 
insomnia patients, chronic users of hypnotics, and age-matched normal sleepers 
(221). For the present study EEG recordings during driving were analyzed and 
compared between two groups, i.e., untreated insomnia patients and normal 
sleepers.  
 

2.2. Participants 
The insomnia group comprised 20 healthy older adults (10 men, 10 women; 52-
70 years old; mean ±SD age 60.8 ±5.8 years) with insomnia, and not using sleep 
promoting agents for more than 3 nights per week. The control group comprised 
21 normal sleepers (13 men, 8 women; 54-73 years old; mean ±SD age 61.7 
±5.0 years). Participants were recruited via advertisement in local newspapers and 
through a network of local general practitioners in the region of Maastricht.  

All participants had to meet the following inclusion criteria: aged between 
50 and 75 years; possession of a valid driving license; average driving experience 
of at least 3000 km per year over the last 3 years; good health based on a pre-study 
physical examination, medical history, vital signs, electrocardiogram, blood 
biochemistry, haematology, serology and urinalysis; body mass index (BMI) 
between 19 and 30 kg/m2. Exclusion criteria were history of drug or alcohol 
abuse; presence of a significant medical, neurological, psychiatric disorder, or 
sleep disorder other than insomnia; chronic use of medication that affects driving 
performance; for patients, use of hypnotics for more than 3 nights per week; 
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drinking more than 6 cups of coffee per day; drinking more than 21 alcohol 
containing beverages per week; smoking more than 10 cigarettes per day.  

Insomnia patients had to meet the criteria for primary insomnia according 
to DSM IV (229): (a) subjective complaints of insomnia, defined as difficulties 
initiating sleep (sleep latency >30 min) and/or maintaining sleep (awakenings 
>30 min); (b) duration of more than 1 month; (c) the sleep disturbance causes 
clinically significant distress or impairment; (d) insomnia does not occur 
exclusively during the course of a mental disorder and (e) insomnia is not due to 
another medical or sleep disorder or effects of medication or drug abuse. 
Participants in the control group were self-defined normal sleepers. Sleep 
complaints and psychopathology were evaluated by a trained psychologist using 
Dutch versions of validated questionnaires. In addition, sleep was evaluated 
during two nights of polysomnography; first during a habituation night and next 
during the night before the driving test. Self-report data on sleep showed that 
insomniacs rated their sleep significantly worse than normal sleepers (221). 
Polysomnography did also not reveal significant differences between groups in 
sleep duration or architecture (221). 

During participation, use of caffeine was prohibited from 8 hours prior to 
arrival on test days, until discharge the next morning. Alcohol intake was not 
allowed from 24 hours prior to bedtime until discharge. Smoking was prohibited 
from 1 hour prior to bedtime until discharge. Insomnia patients were not allowed 
to take hypnotic medication the night before driving. 

The study was conducted in accordance with the code of ethics on human 
experimentation established by the World Medical Association’s Declaration of 
Helsinki (1964) and amended in Edinburgh (2000). The protocol was approved 
by the medical ethics committee of Maastricht University and University Hospital 
of Maastricht. Participants were explained the aims, methods, and potential 
hazards of the study and they signed a written informed consent prior to any study-
related assessments.  

 
2.3. Procedure 

All participants completed two nights of sleep evaluation and testing. The first 
night was a habituation and practice condition to familiarize participants with the 
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sleeping facilities, polysomnography and test procedures, including a complete 
dress-rehearsal of the driving test. The second night was for actual sleep and 
performance assessments. Test conditions started in the evening when 
participants arrived at the site at 7.00 pm. Electrodes for polysomnographic 
recording were attached at 9.00 pm and participants retired to bed at 11.30 pm. 
The following morning participants were awakened at 7:30 am by an experimenter 
and served a standardized light breakfast. At 9.00 am they were transported to the 
highway to perform the on-the-road driving test between 9.30 and 10.30 am. 
Upon completion participants returned to the testing facilities for removal of the 
electrodes and were discharged. All participants completed the study between 
December 2007 and February 2009. Normal sleepers were enrolled largely in 
parallel with insomnia patients, with only a few weeks delay to allow matching for 
age and gender of the control group. 
 

2.4. Assessments 
On-the-road highway driving test – Driving performance was assessed using a 
standardized on-the-road highway driving test (108) which measures road 
tracking performance. In this test, participants operate a specially instrumented 
vehicle for approximately one-hour over a 100-km (61 miles) primary highway 
circuit in normal traffic, accompanied by a licensed driving instructor having 
access to dual controls (brakes and accelerator). The participants’ task is to drive 
with a steady lateral position between the delineated boundaries of the slower 
(right) traffic lane, while maintaining a constant speed of 95 km/h (58 mph). 
Participants may deviate from those instructions only to pass a slower vehicle, and 
to leave and re-enter the highway at the turnaround points. During the drive, the 
vehicle’s speed and lateral distance to the left lane line are continuously recorded. 
These signals are digitized at a rate of 4 Hz and stored on an onboard computer for 
later preprocessing and analysis. The signals are edited off line to remove data 
recorded during overtaking maneuvers or disturbances caused by roadway or 
traffic situations. The remaining data are then used to calculate means and 
standard deviations of lateral position and speed For the present study, the dataset 
was split in 6 successive periods of 10 minutes in order to analyze performance 
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changes with Time-on-Task (ToT). The primary outcome variable is SDLP in cm, 
which is an index of weaving.  
 
Electroencephalography - EEG was recorded with a Vitaport portable EEG 
recorder at four electrodes (F4, C4, O2 and C3) with a common average (A1-A2). 
EEG was continuously recorded during the driving test. Data were sampled at 256 
Hz and was low pass filtered at 70 Hz. In addition, a 50 Hz notch filter was applied 
to remove artifacts linked to electrical activity in the car. After segmentation of 
data into two-second epochs data were visually inspected for artifacts that were 
subsequently rejected. Each epoch was then subjected to a fast Fourier 
transformation using a Hanning window of 10% in order to obtain the power 
spectrum. The following band frequencies were analyzed and quantified in 
absolute power for 6 consecutive 10-minute periods of the driving test: theta (4-8 
Hz), alpha (8-13 Hz) and beta (13-30 Hz). 
  EEG recordings of 9 participants were not included in the analysis:  3 
participants had no valid EEG data due to technical problems during recording, 
data from 3 participants could not be used because of too many movement 
artefacts, and data from 3 participants were excluded because of outliers (mean 
±2SD). In total EEG data sets were analyzed for 32 participants: 17 insomnia 
patients (8 men, 9 women; 55-70 years old mean ±SD age 61.6 ±5.8 years) and 
15 normal sleepers (7 men, 8 women; 54-68 years old; mean ±SD age 60.7 ±4.8 
years). Driving data were analyzed for 34 participants: 17 insomnia patients (9 
men, 8 women; 54-70 years old; mean ±SD age 61.41 ±5.98 years) and 17 
normal sleepers (9 men, 8 women; 55-68 years old; mean ±SD age 61.60 ±4.30 
years). For five participants driving data were omitted from analysis, because there 
were no corresponding EEG data. For two participants the datafiles could not be 
retrieved for analysis. Analysis of a potential linear relationship between driving 
performance and EEG was conducted on participants for which both driving and 
EEG data were available i.e 30 participants including 16 insomnia patients (7 
men, 9 women; 55-70 years old; mean ±SD age 61.88 ±5.85 years) and 14 
normal sleepers (6 men, 8 women; 55-68 years old; mean ±SD age 61.14 ±4.57 
years). 
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2.5. Statistical analysis  
Statistical analyses were carried out using the software R 2.15.0 (www.r-
project.org). The driving and EEG data that were analyzed are of longitudinal 
structure with both random (participant) and fixed (Group, ToT) effects. To 
capture these effects, we selected linear mixed effects models as methodological 
approach. More precisely, the models analyzed are of ANCOVA type. That is, in 
case of full interaction the basic model form is: 

!"#!!" = !!(!")+ ! + !!(!") ∙ !"! + !, 
where !"#!!"  denotes the response variable, !! the group-varying intercept, !! 
the group-varying slope coefficient, !"! the time-on-task covariate, and !  the 
error term, following a Gaussian distribution with expected value zero. In addition 
to a classical ANCOVA, the term ! represents a Gaussian random effect and 
captures between-subject variability in the intercept. The model would also allow 
for the inclusion of random effects in the slope coefficient, which proved not to be 
necessary for obtaining a better model fit. 

Mixed effects models are versatile, and able to take different data 
characteristics into account. In order to build models suited to the different data 
sets analyzed, we carried out the following steps: 

1. As a preliminary step, we investigated the residuals of various models. It 
turned out that serial within-subject correlation was present for most series. 
Therefore, we investigated different correlation structures of the error term !. 
Taking the Bayesian information criterion (BIC) as selection criterion, the for 
time series typical AR(1) error structure was selected if indicated by the 
criterion. Moreover, the correlation structure was verified on the finally 
selected model for each data set. 

2. Following a similar model selection approach as described in the first point, 
we investigated different variance models accounting for potential 
heteroscedasticity of the error term !.The variance functions investigated 
were: fixed variance, different variances for normal sleepers and insomniacs, 
ToT-varying variance, as well as group- and ToT-varying variance. The most 
appropriate variance structure was selected by means of the BIC. 
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3. When building a model, one has to evaluate if a variable entering a model has a 
significant effect. We followed the approach of Pinheiro & Bates (201), and 
compared models with and without the respective variable by means of a 
likelihood ratio test (LRT). To do this, the starting point for each analysis 
always was the simplest model, including only a constant intercept !! and 
random effect !. Then, we added the strongest fixed effect (e.g., time-on-task, 
resulting in a slope potentially unequal to zero) to the model and checked if 
the LRT justifies the inclusion of this additional variable. If so, we continued 
by adding the next variable (e.g., the group effect), either additively (i.e., 
affecting the intercept) or in interaction with the previously included variable 
(i.e., affecting the slope), and compared the resulting models by LRT and BIC, 
until the best model was selected. 

4. After carrying out the previous steps for all data sets, and determining the best 
model for each, we accounted for the effect of multiple comparisons: the p-
values of the LRT of the final models were adjusted by the Holm–Bonferroni 
method. These results are represented by the associated pLRT value. 

5. Only when the LRT a model indicated a significant effect of one or several 
variables (ToT, group, or ToT and group interaction), the p-values of the 
coefficients (!!, !!) of this model were further examined. 

Potential dependencies between EEG and SDLP data were investigated by 
treating both variables in a linear mixed effects model similar to the one previously 
described. In this case, the model equation was 

!"#$ = !!(!")+ ! + !!(!") ∙ !"! + !, 
that is, only the response variable changed. 
For all figures representing longitudinal data, we applied the approach described 
by Cousineau (230). Consequently, error bars in these figures do not take 
variability associated with between-subject differences into account. 
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3. Results 
 
3.1. Driving performance  

Mean SDLP scores in both groups for 6 consecutive 10-minute intervals of the 
driving test are presented in Figure 1.  

 
Figure 1. Driving performance of insomnia patients and normal sleepers as measured by 
Standard Deviation of Lateral Position (SDLP, in cm) for each consecutive 10-minute 
interval of the on-the-road highway driving test (Means ±SD).  
 
Results showed only a significant effect of ToT (pLRT=0.001). There was no 
significant difference between groups, and no significant interaction between 
Groups and ToT. The model coefficients indicate that SDLP increased with ToT 
(p=0.001) (See Table 1).  
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Table 1. Significant results in detail for the m
odel coefficients (group effect, tim

e on task, and interaction). 
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3.2. Electroencephalography 
Table 11 shows details for the best models selected if these contained any 
significant fixed effects in alpha, theta and beta frequency bands.  
In the theta band, no model fitted the data, indicating that there were no 
significant effects of group and ToT, and no interaction (See Figure 2). 

Analysis of the alpha power showed significant effects of group, ToT, 
and interactions of both factors (pLRT<0.001, Figure 3). The model coefficients 
revealed that alpha power at O2 was lower in insomnia patients than in normal 
sleepers (2.70 vs 4.67 µV2, p=0.011). In addition, alpha power decreased with 
ToT in normal sleepers (-0.22 µV2/interval, p<0.001), but not in insomnia 
patients (-0.03 µV2/interval, p<0.001). There was also a significant effect of the 
ToT on alpha power at C3 (pLRT=0.005). Model coefficients indicate that alpha 
power increased by 0.085 µV2 per interval at C3 for both groups (p<0.001). 
Analysis of power in beta frequency band showed significant effects of group, 
ToT, and interactions between both factors (at O2, pLRT<0.001; at C4, 
pLRT=0.005; at F4, pLRT=0.026) (See Figure 4). 
Model coefficients indicated that beta power was lower in insomnia patients than 
in normal sleepers (at O2: 2.15 vs 4.02 µV2, p=0.003; at C4: 5.85 vs 9.06 µV2, 
p=0.019; at F4 5.93 vs 9.66 µV2, p=0.092). The effects of ToT differed 
significantly between insomnia patients and normal sleepers (at O2, C4 and F4, 
all p’s≤ 0.001). Beta power decreased significantly with ToT in normal sleepers 
(at O2, -0.24 µV2 per 10 minute interval, p< 0.001; at C4, -0.41 µV2/interval, 

71.............................................................
1.In the following, we illustrate the interpretation of the model coefficients by means of two examples, the 
C3 and O2 electrodes from the alpha band. For C3, the best model supported by LRT (p = 0.0052) is a 
rather simple one without group effect, neither as simple additive effect nor in interaction with the ToT. 
Therefore, the resulting model corresponds to a linear regression with common intercept (!! =3.47) and 
slope (!! =0.09) for insomniacs and normal sleepers, both being highly significant (p < 0.001). Thus, e.g. 
the estimated power for both groups for the second interval of length 10 minutes equals 3.47 + 2∙0.09. 
Group effects are, however, present for O2: here, the intercept for the normal sleepers equals !!(!")=4.02 
(p < 0.001), and the intercept of the insomniacs is significantly lower by 1.87 (p = 0.011), resulting in an 
intercept of !!(!"#) =2.15 for the insomniacs. As to the slope, the result is similar. Normal sleepers have a 
significant slope of !! !" =-0.22 (p < 0.001), while the slope of insomniacs is significantly higher by 0.19 
(p = 0.001), resulting in a slope coefficient of !! !"# =-0.03..
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p= 0.001; at F4, -0.41 µV2/interval, p= 0.001) but not in insomnia patients (at 
O2, -0.02 µV2/interval, p= 0.001; at C4, -0.01 µV2/interval, p= 0.001; at F4, 
+0.16 µV2/interval, p< 0.003). Model coefficients are presented in Table 2.  

3.3. Linear relation between SDLP and EEG measures 
Investigation of a relationship between EEG and SDLP data with a mixed model 
revealed that none of the EEG measures shows any predictive power for SDLP 
except for the beta band in the electrode C4. However, this result does not seem 
relevant as no significant relationship was found for C3 as well as no group 
difference (See Table 2).  
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 Figure 2. EEG theta power (in m
icrovolts squares) at F4, C4, O

2, C3 averaged every 10 m
inutes of the driving task for both groups 

(M
eans ± SD

). 
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  Figure 3. EEG alpha power spectrum
 (in m

icrovolts squares) at F4, C4, O
2, C3, averaged every 10 m

inutes of the driving task for both 
group (M

eans ±SD
). 
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   Figure 4. EEG beta power spectrum
 (in m

icrovolts squares) at F4, C4, O
2, C3, averaged every 10 m

inutes of the driving task for both 
group (M

eans ±SD
). 
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Table 2. Significant results in detail for the m
odel coefficients (power spectrum

 effect, tim
e on task and interaction).  

 
 

p
LR

T 
after H

olm
 correction 

M
odel  

C
oefficient 

E
stim

ated values 
S

tandard E
rror 

 df 
t= 

p= 

 
E

lectrodes 
 

 
 

 
 

 
 

Theta band 
O

2 
0.012 

(Intercept) 
16.74 

0.62 
148 

27.18 
<0.001 

 
 

 
ToT 

0.27 
0.083 

148 
3.24 

0.002 
 

C
3 

0.012 
(Intercept) 

16.72 
0.60 

153 
27.86 

<0.001 
 

 
 

ToT 
0.26 

0.081 
153 

3.20 
0.002 

 
C

4 
0.012 

(Intercept) 
16.74 

0.62 
148 

27.18 
<0.001 

 
 

 
ToT 

0.27 
0.083 

148 
3.24 

0.002 
 

F4 
0.012 

(Intercept) 
16.83 

0.67 
128 

25.23 
<0.001 

 
 

 
ToT 

0.26 
0.090 

128 
2.90 

0.004 
 

 
 

 
 

 
 

 
 

A
lpha band 

O
2 

0.012 
(Intercept) 

16.74 
0.62 

148 
27.18 

<0.001 
 

 
 

ToT  
0.27 

0.083 
148 

3.24 
0.002 

 
C

3, C
4, F4 

0.012 
(Intercept) 

16.69 
0.60 

149 
27.77 

<0.001 
 

 
 

ToT 
0.27 

0.082 
149 

3.30 
0.001 

 
 

 
 

 
 

 
 

 
B

eta band 
O

2, C
3,  

0.012 
(Intercept) 

16.69 
0.60 

149 
27.77 

<0.001 
 

 
 

ToT 
0.27 

0.082 
149 

3.30 
0.001 

 
C

3 
0.012 

(Intercept) 
16.69 

0.60 
149 

27.77 
<0.001 

 
 

 
ToT 

0.27 
0.082 

149 
3.30 

0.001 
 

C
4 

0.0014 
(Intercept) 

19.32 
0.67 

149 
28.86 

<0.001 
 

 
 

P
ow

er spectrum
 

- 0.25 
0.069 

149 
- 3.63 

<0.001 
 

F4 
0.0085 

(Intercept) 
16.69 

0.60 
149 

27.77 
<0.001 

 
 

 
ToT 

0.27 
0.082 

149 
3.30 

0.001 
The estimated values, standard errors and statistical results are presented only for significant LRT results. LRT, Likehood Ratio Test;ToT, Time-of-Task; df, degree of 
freedom.
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4. Discussion  
 
The purpose of the present study was to determine whether changes in driving 
performance are related to changes in cortical activity during driving in insomnia 
patients and normal sleepers.  

Results show that overall SDLP did not differ between groups, indicating 
that older untreated insomnia patients were able to drive as good as normal 
sleepers during an on-the-road highway driving task. There was a significant effect 
of time on task on SDLP, without a significant interaction, indicating similar 
performance decrements during driving in both groups. In contrast to SDLP 
results, analysis of EEG power spectra revealed significant differences between 
patients and normal sleepers. Overall, insomnia patients displayed less alpha 
power and less beta power during driving compared to normal sleepers. 
Furthermore, patients’ alpha and beta power remained relatively constant with 
ToT, whereas the power in both bands decreased with ToT in normal sleepers. 
Finally, changes in EEG power spectra were not related to changes in SDLP. 

The lack of a relationship between SDLP and fluctuations in background 
EEG is not in line with our expectation. In the past several studies reported a link 
between EEG power spectra and SDLP in healthy volunteers (222,231), but 
several other studies did not (232–235). The failure to find a relationship in the 
present study could be related to the relatively well-rested state of the participants. 
In their review of the literature on physiological measures of alertness and 
sustained attention, Oken and colleagues (125) already concluded that the 
correlation between EEG measures and performance changes on sustained 
attention tasks, including simulated driving, are “not consistent or large, 
especially in well-rested participants.” Participants in our study were tested in the 
morning after a normal night of sleep. Most studies trying to identify indices of 
drowsy driving using EEG, tested healthy young participants after inducing 
clinically significant levels of drowsiness through sleep restriction, and night-time 
driving (52,65,223,224,234,236). For example, Johnson and colleagues (235) 
conducted a study to determine if an individualized EEG-based algorithm could be 
defined to track performance decrements associated with sleep loss. They 
concluded that, although the system could effectively track performance 
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decrements associated with sleep deprivation, it did not work for well-rested 
drivers. In addition, participants in our study were older drivers, whereas most 
studies have used younger volunteers. In a study by Lowden and colleagues (233) 
comparing simulated night-time driving performance and EEG in young and older 
drivers, a significant relation between driving performance and brain activity was 
found in young drivers, but not in older drivers. It is known that young drivers are 
generally more sensitive to the effects of sleep deprivation, than older drivers (52). 
The individual variation in physiological parameters may be too large to detect 
subtle changes during daytime driving in older insomnia patients.  

To our knowledge, this is the first study comparing background EEG 
during driving performance (i.e. eyes open and participants mentally active) 
between insomnia patients and normal sleepers. Contrary to studies showing 
elevated beta power in insomniacs during sleep (e.g. (85)), we found that beta 
power during driving was overall lower in patients than in normal sleepers. 
However, alpha power was also lower in patients than in normal sleepers. It is not 
clear, therefore whether patients were more aroused during driving than normal 
sleepers. Although the lower levels of alpha support the idea that patients were 
less drowsy during driving, the lower levels of beta power do not support the 
theory of hyperarousal. It may be possible that daytime waking hyperarousal in 
insomnia is not reflected in increased beta power, but rather as reduced alpha 
levels or increases in higher frequencies, such as gamma. However, more work is 
needed to confirm this assumption.  

It is noteworthy that low levels of alpha and beta power in insomnia 
patients were very stable during the driving test and did not change with ToT. This 
seems to indicate that EEG power spectra in these patients reflected the 
underlying state of insomnia rather than any state related changes in arousal or 
attention that usually arise during a prolonged driving task. The majority of 
previous studies which investigated EEG measures during driving tasks in non-
clinical populations have found slowing of cortical activity with ToT, reflected by 
relative decreases in beta (135,226,237,238), or increases in alpha and theta 
power (e.g (63,115,116,135,227,228,232–234,238–240). In line with this we 
found a decrease in beta power with ToT in the normal sleepers group. SDLP in 
this group slightly increased as well with ToT, suggesting a vigilance decrement. 
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Contrary to previous findings, however, we also found a decrease in alpha power 
in normal sleepers. Although concurrent reductions in alpha and beta power 
during monotonous driving have been reported before (237), this pattern of 
changes does not fit the hypothesis of general slowing of cortical activity with ToT. 
Therefore it does not support the idea that the overall increase in SDLP over time 
was due to a decrease in cortical arousal. However, as mentioned above previous 
driving studies evaluating physiological measures of driver drowsiness differ from 
the present study by a number of methodological issues, such as driving task 
(simulators vs real driving), task duration (2 to 4 hours of driving vs 1 hour of 
driving), time of driving (evening and night vs morning), the sleepiness of the 
participants (sleep deprived vs well rested), the age of the participants (young vs 
older drivers). These factors all affect the likelihood of measuring significant 
changes with ToT in physiological markers of alertness and driving performance. 
As shown in an on-the road study by Verster and colleagues (241) driving at night 
and for more than two hours had significant impairing effects on performance in a 
group of healthy young men. Our results showed, however, that on-the-road 
driving in normal traffic, for only one hour in the morning, after a normal night of 
sleep resulted only in very small SDLP increase in our sample of older drivers (less 
than 1 cm), despite their complaints of insomnia. The test used in the current 
study was previously calibrated for the effects of alcohol. The increase in SDLP 
caused by 0.5 g/L alcohol (i.e. 2.4 cm) is considered clinically meaningful since 
accident risk has been demonstrated to increase significantly above this BAC in 
large epidemiological studies (242,243). Although being insomniac is not strictly 
comparable to given alcohol doses, this calibration gives an idea about the clinical 
meaningful our findings. Then, the current investigation did not reveal a SDLP 
increase with ToT clinically meaningful in older drivers. We may suppose that a 
longer driving task could have result in larger SDLP increase in both groups. 
Previous on-the-road driving investigations have revealed that SDLP is an 
extremely reliable index of individual driving performance with high test-retest 
reliability (198,244–247). Concerning the relationship between SDLP and crash 
risk per se, comparative analyses of data obtained from on-the-road driving tests 
and epidemiological data on crash risks was conducted by Owens and Ramaekers 
(246). It revealed robust relationships between SDLP increment and indirect risk 
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of having a traffic accident in various conditions. These data support the value of 
SDLP in its relationship to traffic accident risk. 

As we did not find any differences between groups performance, older 
insomnia participants were able to drive as good as older normal sleepers, as 
measured by SDLP, in a real driving monotonous condition. The present finding 
differs from those of Perrier and colleagues (144), in which driving performance 
of primary insomnia patients and normal sleepers was measured by means of a 
driving simulator. Results of that study revealed that insomnia patients had a larger 
SDLP than the normal sleepers group and the decrease in driving performance 
occurred especially after 20 minutes of driving. The discrepancies may be due to 
the differences in task related factors and participants sample. Patients in the study 
by Perrier and colleagues (144) were slightly younger (mean age approximately 
49 vs 61 years old) and showed significantly worse sleep than normal sleepers the 
night before testing as measured by polysomnography (sleep efficiency 74% vs 
81%) than in the study by Leufkens and colleagues (221). A recent study showed 
that complaints of daytime impairment were more pronounced in young than in 
older insomnia patients (212). Moreover impairment is more likely to be 
associated with more severe insomnia. In addition, Perrier and colleagues used a 
driving simulator, which has been found to induce more drowsiness and larger 
ToT effects in monotonous driving tasks than real driving (53,64,248). The 
increased sensitivity and sleep problems of the younger patients, and the more 
monotonous nature of the simulated driving task might explain the more 
pronounced vigilance decrement found in patients as compared to normal sleepers 
in the study by Perrier and colleagues (144).  

It is concluded that daytime on-the-road driving performance of older 
insomnia patients after a normal night of sleep, as measured by SDLP, does not 
differ from driving performance of older normal sleepers and that changes in 
spectral EEG measures of cortical arousal are not related to changes in daytime 
monotonous highway driving performance in this group of patients.  
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Chapter 5  
Driving performance and EEG 
fluctuations during on-the-road 
driving following sleep 
deprivation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Submitted as: 
 
 

Perrier, J., Jongen S., Vuurman., Bocca, M.-L., Ramaekers, J. G., & Vermeeren, A. 
Sleepiness linked to sleep deprivation during on-the-road driving: a behavioral 
and physiological investigation of time on task effects. 
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Abstract 

Sleep deprivation and Time on Task (ToT) can have detrimental effects on 
vigilance that is the core ability of monotonous driving. However, little is known 
about the combined effects of sleep deprivation and ToT on real driving 
performance and cortical activity during driving. The main objective of the present 
study was to assess whether sleepiness exacerbates ToT effects both on EEG and 
driving performance in real driving conditions. We also wanted to know which 
EEG fluctuations are detectable after sleep deprivation during on-the-road 
driving. Twenty-four healthy participants (25-45 years old) performed a one hour 
on-the-road monotonous driving task after one night of normal sleep and after one 
night of sleep deprivation. We measured the Standard Deviation of Lateral 
Position (SDLP), a measure of road tracking error. Continuous EEG was recorded 
and spectral power was obtained over three bilateral clusters (frontal, central, 
parieto-occipital) in the theta (4– 8 Hz), alpha (8–12 Hz) and beta (12– 30 Hz) 
bands. Both datasets were averaged every 10 minutes to evaluate ToT effects. 
Sixteen participants completed the driving task in both sleep conditions 
(completers) seven drives were terminated prematurely after one night of sleep 
deprivation (non-completers). We found effects of sleep deprivation, ToT and 
their interaction both for SDLP and theta and alpha EEG bands. SDLP and EEG 
indices increased after sleep deprivation and varied with ToT. The latter was more 
pronounced after sleep deprivation. Beta power spectra increased with ToT only. 
Compared to completers, the SDLP for non-completers tended to be higher. Beta 
power spectrum varied differently with ToT between groups in the Frontal cluster. 
Changes in SDLP and EEG did not correlate significantly. Our study revealed for 
the first time in on-the-road driving condition that sleep deprivation exacerbates 
driving impairment and sleepiness as a function of ToT. Our results also 
suggested that participants who completed both driving sessions put more effort 
across the task compared to those who prematurely terminated the drives. 
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1. Introduction 
 

Vigilance refers to a behavioral level of activity in psychological research while it 
refers to a state of high cortical activity in psychophysiological research (125) and 
is a core ability of monotonous driving. Sustained prolonged highway driving 
highly depends on the abilities of drivers to stay vigilant for longer periods of time 
especially under monotonous circumstances (39,40,42,44–47). This is 
supported by simulator (52,137,234,249,250) and on-the-road driving 
investigations (65,241,251,252) who showed driving performance decrement 
with Time on Task (ToT) both during day- or nighttime. 

 In addition to the deleterious effects of ToT, vigilance seems sensitive to 
the sleep status of participants such as in primary insomnia patients (144) or after 
sleep deprivation (34,253). A large number of experimental studies have shown 
the detrimental effects of sleep deprivation on performance (e.g reaction time, 
number of lapses) during vigilance tasks (35–38). A recent model of attention 
states that highly automated tasks such as lane keeping during highway driving are 
more severely affected by sleep deprivation than complex tasks (48). A number of 
experimental studies have revealed that driving performance decreases during the 
night or after sleep deprivation both in simulator (49,50,54,63) as well as in on-
the-road driving settings (51,64,65,254).  

It is well known that ToT effects are exacerbated by sleepiness due to sleep 
deprivation as revealed by laboratory investigations (59–62). Regarding highway 
driving, Sagaspe and colleagues (255) investigated whether duration of an on-the-
road driving task affects driving performance in the early morning, close to the 
circadian nadir at 5 am. Authors found that after driving for 2, 4 or 8 hours, the 
number of inappropriate lane crossings during the last hour increased with 
increased duration of prior driving. These results support the notion according to 
the combined effects of both sleep loss as, time of day and duration of driving, can 
negatively contribute to driving quality. In contrast, Sandberg and colleagues (65) 
found limited driving impairment across the task during nighttime driving in 
comparison to daytime driving probably due to task duration (approximately 30 
minutes); driving conditions (i.e rural and urban roads) and time of driving (at 1 
and 3 am). Nonetheless, it was found that the driving performance was particularly 
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affected by ToT effects during nighttime driving in comparison to daytime driving 
(65). In this study, circadian effects can have interfered with the sleep deprivation 
effects as the time of driving was before the circadian nadir. Indeed, the vigilance 
level in influenced by a circadian rhythm process (256) and authors investigated 
the driving performance of participants when the vigilance circadian rhythm is low. 
As authors did not compare directly one night of sleep deprivation with a normal 
night of sleep; it is not clear whether the results reported in the study from 
Sandberg and colleagues were directly linked to sleep deprivation or if circadian 
effects were also present. Therefore, little is known about the combined effects of 
sleep deprivation and ToT on actual driving performance. 

Epidemiological studies support the idea according to sleep deprivation 
and ToT can have combined effects on driving performance. Indeed, it has been 
reported that the crash risk (i.e lane crossings) following sleep deprivation seems 
most pronounced during extended driving periods when loss of vigilance is 
highest (26–28). The development of drowsy drivers’ detection systems should 
thus give benefit in the management of fatigue and sleepiness risk during driving. 
These types of devices are based, among others, on physiological and 
neurobehavioral indicators (257). Such indicators can easily be obtained by using 
EEG fluctuations as important sources of information on sleepiness and vigilance 
states of the driver (236). Until now, there are no current regulatory guidelines 
regarding the appropriate use of these drowsy drivers’ detection systems.  

Several experimental studies have reported EEG fluctuations during 
vigilance tasks (114) and more specially during driving experiments (125). The 
EEG results are combined in different frequency bands. Low frequency delta and 
theta brain waves (1-8 Hz) are considered objectives markers of sleepiness 
(30,136,258,259). Alpha waves (8-12 Hz) are related to sleepiness and fatigue 
(115,228). It has also been reported that alpha is sensitive to attentional demands 
(120,130,260). Beta waves (12-30 Hz) are related to regulation of vigilance and 
arousal (131,132) and increased effort to maintain adequate performance under 
sleep deprivation condition (134).  

Laboratory investigations revealed that sleep deprivation is associated with 
an increase of theta and alpha power at rest (136) as well as during task 
performance (36,112,261). Results from sleep deprivation or night driving 
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studies showed increased levels of alpha and theta waves both in simulator 
(49,50,52,254) and on-the-road settings (254). In addition, a previous on-the-
road driving investigation found increased Karolinska Drowsiness Score (KDS), 
which is a combined measure of EEG alpha and theta activity and slow eye 
movements, in condition of night-time driving compared to day-time driving (65) 
(Sandberg 2011). The two EEG investigations conducting during real driving 
cited above have compared nighttime and daytime driving (65,254) without 
evaluating the direct effect of a night of sleep deprivation to a normal night of 
sleep. Commonly, during sustained attention tasks, ToT induces an increase in 
the theta power (111,115,137) as well as an increase in alpha power (262–264). 
Some studies have also reported larger beta power as ToT increases (115,133), 
suggested to reflect compensatory effort to maintain levels of performance as 
vigilance and arousal decreased. During monotonous driving in both simulator 
and on-the-road settings, ToT has been found to lead to an increase in alpha and 
theta EEG power spectra (63,116,222,232,249). Thus, little is known about the 
separated and combined effects of sleep deprivation and ToT on EEG activity 
during on-the-road driving.  

In addition, the relationship between on-the-road driving performance 
and EEG power spectra following one night of sleep deprivation is not clear. 
Indeed, previous driving studies found discrepant results rirrespective of the 
setting used (i.e simulator or on-the-road driving). Both driving performances and 
EEG indices have been found to be correlated by some studies, (222,265), while 
several other studies failed to find any relationship between these indices (232–
235). 

The main objective of the present study was to assess whether sleepiness 
exacerbates ToT effects both on EEG and driving performance in real driving 
conditions. We also wanted to know which EEG fluctuations are detectable after 
sleep deprivation during on-the-road driving. We predict increased SDLP both 
after sleep deprivation and across ToT. We expect that beta, theta and alpha 
increase both after sleep deprivation and with ToT. Also, interaction effects of 
sleep deprivation and ToT are expected on driving performance decrement and on 
the increase of theta and alpha. 
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2. Methods 
 
2.1. Participants 

Twenty-four healthy male and female volunteers (ages 23-45 years) were recruited 
through poster advertisements at Maastricht University. Initial screening was 
based on a medical history questionnaire examined by a medical supervisor. 
Subjects underwent a physical examination, which included urinalysis, tests for 
drugs of abuse (amphetamines, benzo- diazepines, cannabis, cocaine, 3,4-
methylenedioxymethamphetamine, and opiates), and a 12-lead electrocardiogram. 
For participation, the following inclusion criteria had to be met: possession of a 
valid driving license for four years or more, driving experience of at least 5000 km 
per year on average and a body mass index (BMI) between 19 and 29 kg m¯², good 
sleep quality, i.e. score < 7 on the Pittsburg Sleep Quality Index (266). Exclusion 
criteria included: shift workers, history of a sleep disorder, extreme morning or 
evening types as assessed by the Morning-Evening Questionnaire, with scores < 
30 or > 70 (148); any history of psychiatric or medical illness; history or current 
drug or alcohol abuse; current use of psycho-active medication; and inability to 
stay abstinent during the study from any drug or alcohol abuse; excessive caffeine 
use, defined as drinking six or more cups of coffee per day; and smoking.   

A total of 24 participants (12 men, 12 women) completed the study. Their 
mean (± SD) age was 26.9 (± 3.4) years. The study was conducted in accordance 
with the code of ethics on human experimentation established by the declaration 
of Helsinki (1964) and amended in Seoul (2008). All participants were informed 
of the study’s goal, procedures, and potential hazards in writing, and they 
indicated their informed consent in writing. The Medical Ethics Committees of 
Maastricht University approved the study. Participants received a financial 
compensation for their participation in the study.  
 

2.2. Design  
The study was conducted according to a two-period cross-over design to compare 
the effects of one night of sleep deprivation and a normal night of sleep on driving 
performance and EEG. Test days were separated by at least one week, and the 
order of the two conditions was balanced over participants.  
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This paper presents data from a larger study aimed to investigate the 
validity and sensitivity of psychometrics tests for measuring driving impairment 
(267). The present paper will only discuss effects of ToT and sleep deprivation on 
EEG during the on-the-road driving task.  

 
2.3. Procedure 

Participants were individually trained to perform the driving test prior to the first 
test day. During participation in the study, alcohol intake was not allowed from 
24h prior to each test day until discharge. On treatment days, caffeine intake and 
smoking was not allowed until discharge. Participants agreed not to use any drugs 
of abuse or oral medication (except oral contraceptives and aspirin) during the 
study. Participants yielded urine and breathe samples to confirm their compliance 
with prohibitions against use of drugs and to verify a BAC of 0.0 g/ at the 
beginning of each session. To verify good sleep quality the night before testing, 
the Groningen Sleep Quality (268) was administered; participants with a score > 7 
were dismissed and rescheduled. Both testing days ended at 13:00 pm after 
removing EEG caps. After normal sleep, participants were dismissed; after sleep 
deprivation, participants were driven home.  
 

2.4. Assessment 
On-the-road highway driving test 
In the standardized highway driving test (108), the participant operates a specially 
instrumented vehicle over a 100-km (61-mile) primary highway circuit, 
accompanied by a licensed driving instructor having access to dual controls. The 
task of the participant is to maintain a constant speed of 95 km h-1 (58 miles h-1) 
and a steady lateral position between the delineated boundaries of the right traffic 
lane. The participant is only allowed to deviate from this instruction to pass slower 
vehicles in the same lane and to execute the reversal of direction at the mid-test 
turn around. The role of the driving instructor is only to ensure safety of the test. 
Participants are instructed beforehand to terminate the test by stopping the 
vehicle on the road shoulder if they have doubts about their competence to 
continue safely. If the driving instructor judges a participant’s performance as 
becoming unsafe he can also instruct the participant to stop the vehicle.  
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The vehicle speed and lateral position are recorded continuously. These 
signals are edited off-line to remove data recorded during overtaking maneuvers or 
disturbances caused by roadway or traffic situations. The primary outcome 
variable is the standard deviation of lateral position (SDLP, in cm) that was 
calculated for successive 5 km segments and over the test as a whole. SDLP is a 
measure of road tracking error, or ‘weaving’. The test duration was approximately 
one hour with one turn around after approximately 30 minutes of driving. To 
analyze Time-on-Task effects the SDLP scores of segments 2 to 18 were averaged 
per test by six subdivisions of nearly 10 minutes (S1, S2, S3, S4, S5 and S6). 

 
Electroencephalography recording and preprocessing 
For the assessment of brain activity while driving, electroencephalography (EEG) 
was recorded by the system of Brain Products (see 
http://www.brainproducts.com/). It consists of a portable amplifier, 32 Ag-AgCl 
active electrodes (actiCAP) and the recording software (Brain Vision Recorder) 
Active electrodes were referenced online to an electrode over the left mastoid. An 
average mastoid reference was computed offline and subtracted from all scalp 
channels. To obtain bipolar vertical EOG recordings, electrodes were attached 
vertically above below the left eye. Electrodes impedance was brought to less than 
10 kΩ before data collection commenced. EEG and EOG data were recorded 
from 0 to 70 Hz and sampled online at 250 Hz. Offline analysis of the EEG data 
was performed as follows. EEG data were bandpass filtered between 0.1 and 30 
Hz, and segmented into 50%-overlapping 7.5 s epochs within each period of 
interest. EEGs were corrected for vertical and horizontal eye movements based on 
the method of Gratton and Coles (269) and epochs with voltage changes larger 
than 200 μV across the recording window were rejected. Power Spectral Analysis 
(PSA) is performed by computing Fast Fourier Transforms (FFT), and power 
spectra were computed from 1 to 30 Hz. Spectral power was calculated in the 
three major EEG bands: theta (4– 8 Hz), alpha (8–12 Hz) and beta (12– 30 Hz), 
and average power in these bands was obtained over three bilateral clusters as 
follows: frontal cluster (Fp1,Fp2, F3, F4, Fz, F8, F7); Central cluster (FC3, FC4, 
C3, C4, Cz, CP3, CP4) and Parieto-occipital cluster (P3, P4, Pz, P7, P8, O1, 
O2). As we recorded EEG during and on-the-road driving task, delta activity was 
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not analyzed because of the number of artifacts generated by body movements of 
the driver in the car. Data were analyzed using BrainVision (version 2.0). 
 

2.5. Statistical analysis 
Eight out of 24 subjects did not complete the driving test as scheduled due to 
extreme drowsiness in the sleep deprivation condition. Of those, one withdrew 
already before the start of the driving test. So, a total of 16 participants completed 
both driving tests as scheduled. These groups will here-after be referred to as 
completers (n=16) and non-completers (n=7). 

A first analysis included data from the completers only. All driving and 
EEG parameters for this sample were analyzed using a 2x6 repeated measures 
ANOVA with Sessions (two levels; sleep deprivation versus normal sleep) and ToT 
(six levels; S1 to S6) as within subject factors. To determine whether there was a 
difference between completers and non-completers, a second analysis was done 
over data recorded during the first 30 minutes of driving. This analysis used a 
2x2x3 repeated measures ANOVA with Groups (two levels; completers vs non-
completers) and ToT (three levels; S1 to S3) as within subject factors. All 
ANOVA’s were done for three separate bilateral clusters of electrodes (frontal, 
central, parieto-occipital). 

Correlations between changes from the normal sleep condition to the 
sleep deprivation condition in means SDLP and means EEG (averages obtained on 
the 30 min) were obtained. In addition, we quantified correlation between SDLP 
and EEG power spectra as changes over time after normal sleep (S1 versus S6) and 
after sleep deprivation (S1 versus S3). All these results were made including all 
participants for each EEG band (theta, alpha, beta) and for each cluster of 
electrodes (frontal, central, parieto-occipital) were made using the Spearman 
coefficient correlation. The three factors ANOVA were performed with Statistica 
version 10, the rest of the statistical analyses were done using Sigmastat version 
3.5. 
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3. Results 
 
3.1. Missing data and prematurely terminated driving tests 

One participant withdrew from further testing during the sleep deprivation 
condition after 20 hours of wakefulness because he felt unable to continue due to 
excessive sleepiness. Due to technical problems with EEG material during the 
driving test, no EEG data were obtained for two participants for the sleep 
deprivation condition.  

Seven driving tests were terminated before scheduled completion, all in 
the sleep deprivation condition. For one of them, the driving instructor judged the 
participant to be too drowsy to continue safely and took the decision to stop. For 
the six other ones, participants felt too drowsy to continue safely and took the 
decision to stop themselves. All premature terminations occurred between 30 and 
60 minutes of the driving test. The mean duration (±SD) of the total driving 
period for non-completers in the sleep deprivation condition was 36±10 minutes. 

 
3.2. Driving performance and EEG fluctuations in completers  

On-the-road highway driving test  
Figure 1a shows means (±SEM) of SDLP by ToT for completers after normal sleep 
and sleep deprivation. The 2x6 repeated measures ANOVA showed significant 
main effects of Session (F1,15 = 22.98, p< 0.001), ToT (F5,75 = 9.70, p< 0.001) 
and an interaction between these factors (F5,73 = 3.27, p=0.010). SDLP was 
overall higher after sleep deprivation as compared to normal sleep. Figure 1a 
shows that SDLP increased with ToT, but more so after sleep deprivation than 
after normal sleep. 
 
Electroencephalography data  
The results of the 2x6 repeated measures ANOVA on EEG data for completers are 
reported in the Table 1. Results show main effects of Session, ToT and 
interactions between these two factors both for the theta and alpha power spectra. 
For the beta power spectrum, a ToT effect and a trend for Session by ToT 
interaction was found in the Central cluster.  
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The main effect of Session indicates that alpha and theta power spectra 
were significantly increased in the sleep deprivation condition as compared to the 
normal sleep condition at all three clusters of electrodes. In contrast, beta power 
spectrum did not differ significantly between normal sleep and sleep deprivation 
conditions.  

The main effect of ToT indicates that theta, alpha and beta power spectra 
differed between subdivisions. The significant interaction indicates that these 
changes differed for both sessions. Figure 1b shows that after normal sleep the 
theta power spectrum at S3 and S4 higher compared to other subdivisions. These 
differences seemed enhanced after sleep deprivation. Figure 1c shows that alpha 
power spectrum is relatively constant with ToT after normal sleep. After sleep 
deprivation alpha power increases, in particular in S3 and S4. Figure 1d shows 
that beta power spectrum generally increased from S1 to S6 for all clusters of 
electrodes. Beta power after sleep deprivation did not differ significantly from that 
after normal sleep. Although we found only a trend for the Session by ToT 
interaction of the beta power spectrum at the Central cluster, Figure 1d indicates 
that the changes over time are more pronounced more pronounced in the sleep 
deprivation condition than in the normal sleep condition, especially at the Central 
cluster. 
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Table1. Electroencephalography results – Completers.  
   Theta  Alpha  Beta     

F p F p F p 

Frontal Sessions  7.28 0.018**  5.90 0.030**  0.022 0.891     

 ToT  17.82 <0.001***  7.61 <0.001***  3.82 0.004**     

 Sessions 
X ToT 

 3.60 0.006**  2.96 0.018**  0.33 0.902     

Central Sessions  7.31 0.018**  7.36 0.018**  0.027 0.870     

 ToT  13.98 <0.001***  5.52 <0.001***  5.09 <0.001***     

 Sessions 
X ToT 

 3.02 0.016**  3.30 0.010**  2.15 0.071     

Parieto-
occipital 

Sessions  4.77 0.048**  5.61 0.034**  0.0004 0.980     

 ToT  14.26 <0.001***  6.21 <0.001***  3.36 0.009**     

 Sessions 
X ToT 

 2.16 0.069  2.09 0.079  1.64 0.156     

Data were analyzed for 60 minutes of driving in the 16 participants who completed the driving task. F and p 
values are reported for the two-factors repeated measures ANOVA with Sessions (two levels; Sleep 
deprivation vs normal sleep) and Time-on-Task (six levels corresponding to six blocks of 10 minutes named as 
Subdivisions) as within subject factors. df are respectively F(1,13); and F(5,65). p<0.05 was considered as 
significant. **p<0.05, ***p<0.001. ToT, Time-on-Task. 
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Figure 1. Driving 
performance and EEG 
fluctuations 
represented by the 
mean ± SEM across 
Time on Task 
(Subdivisions) for 
both conditions 
(Normal sleep and 
Sleep deprivation). 
Continuous lines: normal 
sleep; dashed lines: sleep 
deprivation. Data are 
presented for completers 
only (n=16). SDLP, 
Standard Deviation of 
Lateral Position; EEG, 
electroencephalography. 
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3.3. Comparisons between completers and non-completers  

 
On-the-road highway driving test  
Figure 2a shows means (±SEM) of SDLP over the first 30 minutes of driving for 
completers and non-completers after normal sleep and sleep deprivation. The 
2x3x2 mixed model ANOVA showed significant or nearly significant main effects 
of Group (F1,21 = 3.79, p=0.065), Session (F1,21 = 25.03, p< 0.001) and ToT 
(F2,42 = 8.73, p< 0.001).  SDLP tended to be higher for non-completers than for 
completers and was significantly increased after sleep deprivation in comparison 
with normal sleep condition. SDLP varied significantly with ToT. No significant 
interactions were found, indicating that effects of sleep deprivation and ToT did 
not differ between groups. 
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Table 2. Electroencephalography results – Completers vs on-completers.  
   Theta  Alpha  Beta 

F p F p F p 

Frontal Groups  0.58 0.456  0.98 0.335  0.015 0.904 

 Sessions  4.90 0.039**  9.94 0.005**  0.019 0.891 

 ToT  20.43 <0.001***  22.05 <0.001***  16.67 <0.001*** 

 Sessions 
X ToT 

 1.44 0.249  3.14 0.055  4.41 0.019** 

 Groups X 
ToT 

 0.21 0.811  2.23 0.122  4.33 0.020** 

Central Groups  0.93 0.345  0.55 0.467  0.31 0.585 

 Sessions  8.36 0.009**  11.07 0.004**  0.018 0.893 

 ToT  15.72 <0.001***  12.5 <0.001***  19.98 0.001*** 

 Sessions 
X ToT 

 0.64 0.533  0.80 0.456  4.42 0.019** 

 Groups X 
ToT 

 0.27 0.766  1.85 0.171  1.55 0.225 

Parieto-
occipital 

Groups  1.31 0.266  0.85 0.367  0.35 0.562 

 Sessions  7.18 0.144  11.11 0.003**  0.14 0.713 

 ToT  20.19 <0.001***  13.94 <0.001***  16.94 <0.001*** 

 Sessions 
X ToT 

 0.77 0.472  0.48 0.621  4.72 0.015*** 

 Groups X 
ToT 

 0.75 0.478  2.89 0.068  2.02 0.147 

Data were analyzed for 30 minutes of driving in all the participants. F and p values are reported for the three-
factors repeated measures ANOVA with Groups (completed vs non-completers), Sessions (two levels; sleep 
deprivation vs normal sleep) and Time-on-Task (three levels corresponding to the first three blocks of 10 
minutes of the driving task named as Subdivisions) as within subject factors. df are respectively F(1,19); and 
F(2,38). p<0.05 was considered as significant. **p<0.05, ***p<0.001. ToT, Time-on-Task.
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Figure 2. Driving 
performance and 
EEG fluctuations 
represented by the 
mean ± SEM across 
Time on Task 
(Subdivisions) for 
both conditions 
(Normal sleep and 
Sleep deprivation). 
Data are presented for 
both groups; completers 
and non-completers 
(n=16 and 7, 
respectively). 
Continuous lines: 
completers participants; 
dashed lines: non-
completers participants. 
SDLP, Standard 
Deviation of Lateral 
Position; EEG, 
electroencephalography. 
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Figures 2b,c,d show means (±SEM) of SDLP over the first 30 minutes of driving 
for completers and non-completers after normal sleep and sleep deprivation. The 
results of the 2x3x2 mixed model ANOVA on EEG data for completers and non-
completers during the first 30 minutes of driving are reported in the Table 2. 
Results showed no significant differences between groups for all frequency bands. 
No significant effect for interaction was found both for theta and alpha power 
spectra (See Figure 2c). Only beta power showed a significant Group by ToT 
interaction in the Frontal cluster. Figure 3 shows that, for both sessions pooled 
together, the beta power spectrum varied more across the task for completers than 
for non-completers.  
 

Figure 3. EEG beta power fluctuations represented by the mean ± SEM across Time on 
Task (Subdivisions) for both conditions pooled together (Normal sleep and Sleep 
deprivation) at the Frontal cluster. Data are presented for both groups; completers and non-
completers (n=16 and 7, respectively). Dark background fill: completers; grey background fill: non-
completers. EEG, electroencephalography. 
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3.4. Correlation between SDLP and EEG power spectra 
The Table 3 reports the main results of the correlations between SDLP and 
background EEG parameters. None of the correlation was significant. 
 
Table 3. Correlations between SDLP and EEG measures.  

  Theta  Alpha  Beta 

Frontal Changes from NS to 
SD – 30 minutes 

r=0.167; 
p=0.473 

 r=0.194; 
p=0.395 

 r=0.140; 
p=0.551 

 Changes with ToT – 
NS  

r= - 0.225; 
p=0.286 

 r=0.109; 
p=0.609 

 r=- 0.098; 
p=0.644 

 Changes with ToT -SD r=0.112; 
p=0.621 

 r=0.220; 
p=0.331 

 r= - 0.109; 
p=0.639 

Central Changes from NS to 
SD – 30 minutes 

r=0.296; 
p=0.129 

 r=0.256; 
p=0.258 

 r=0.177; 
p=0.448 

 Changes with ToT – 
NS  

r=0.054; 
p=0.799 

 r=0.037; 
p=0.860 

 r=- 0.076; 
p=0.722 

 Changes with ToT -SD r=0.071; 
p=0.754 

 r=0.207; 
p=0.361 

 r= - 0.040; 
p=0.861 

Parieto-
occipital 

Changes from NS to 
SD – 30 minutes 

r=0.210; 
p=0.355 

 r=0.264; 
p=0.244 

 r=0.189; 
p=0.418 

 Changes with ToT – 
NS  

r=0.262; 
p=0.213 

 r=0.297; 
p=0.156 

 r=0.043; 
p=0.840 

 Changes with ToT -SD r=0.144; 
p=0.527 

 r=0.270; 
p=0.232 

 r= - 0.114; 
p=0.626 

Changes from the normal sleep condition to the sleep deprivation condition in means SDLP and means EEG 
(averages obtained on the 30 min) were obtained. We also quantified correlation between SDLP and EEG 
power spectra as changes over time after normal sleep (S1 versus S6) and after sleep deprivation (S1 versus 
S3). All these results were made including all participants for each EEG band (theta, alpha, beta) and for each 
cluster of electrodes (frontal, central, parieto-occipital) were made using the Spearman coefficient 
correlation. The r value represents the coefficient of correlation between SDLP and the background EEG 
parameter considered. p<0.05 was considered as significant. ToT, Time-on-Task; NS, Normal sleep 
condition; SD, Sleep deprivation condition. 
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4. Discussion 
 

The main objective of the present study was to assess whether sleepiness 
exacerbates ToT effects both on EEG and driving performance in real driving 
conditions. We also wanted to know which EEG fluctuations are detectable after 
sleep deprivation during on-the-road driving.  

The driving performance of completers, as measured by SDLP, was 
impaired by sleep deprivation and by ToT effects. The latter were more 
pronounced after sleep deprivation. Significant increases in alpha and theta power 
spectra were found after sleep deprivation compared to the normal sleep 
condition, indicated increased sleepiness and lowered arousal after sleep 
deprivation. The alpha and theta power spectra also varied significantly with ToT 
due to an increase in power over the first 40 minutes, followed by a decrease in 
power during the last 20 minutes of the driving test. The beta power increased 
with ToT, and this effect seemed most pronounced in the sleep deprivation 
condition although only a trend for Session by ToT interaction was found.  

Comparisons of SDLP between completers and non-completers during 
the first part of the driving test showed that non-completers tended to drive worse 
than completers, irrespective of sleep condition. Effects of sleep deprivation and 
ToT on SDLP and EEG measures did not differ significantly between groups. 
Only, beta power varied differently with ToT between groups in the Frontal 
cluster while no significant variation with ToT was found in the Central and 
Parieto-Occipital clusters of electrodes. No relationship was found between EEG 
and driving performance. These findings are discussed in details below. 

 
4.1. Interaction effects between sleep deprivation and ToT on driving 

performance and EEG 
The driving performance varied significantly with ToT mainly in the sleep 
deprivation condition as shown by SDLP results. After normal sleep, SDLP was 
relatively constant over time, whereas it increased with ToT after sleep 
deprivation. At the start of the driving test (in S1) the impairing effects of sleep 
deprivation were minimal and increased until the midway turning point (in S2 and 
S3). Immediately following the turning point, the impairing effects of sleep 
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deprivation were temporarily reduced (in S4), but reappeared (in S5) and 
increased even further in the last part of the driving test (in S6). We may suppose 
that the high demanding experimental condition (i.e sleep deprivation) led to 
fluctuations in abilities to maintain trajectory. Similar to the driving performance 
the EEG results revealed increased theta and alpha power spectra in all clusters in 
both conditions. The increased theta and alpha power spectra may reflect greater 
fatigue and sleepiness due to ToT. Increments in alpha and theta power were most 
pronounced during sleep deprivation. The finding that sleep deprivation 
exacerbated fatigue and sleepiness due to ToT effects is consistent with earlier 
laboratory works (59,62,270) and support epidemiological studies that reported 
increased crash risk following extended driving after sleep deprivation (26–28). 
We also found an increased beta power spectrum in the Central cluster with ToT 
that may be linked to increased effort to maintain performance. This result is in 
accordance with previous findings after sleep deprivation (134).  

 
4.2. Comparison between completers and non-completers 

The additional analysis that investigated a Group effect led to a better 
understanding of performance decrement and EEG variations during driving after 
sleep deprivation. Concerning the driving performance, our results revealed that 
the SDLP tend to be higher for non-completers compared to completers in both 
sleep conditions. Although speculative (because we only reported a trend for the 
group by ToT interaction), the means in Figure 2 seem to support the idea that 
driving performance over time was worse in non-completers compared to 
completers. This result may explain why they had to stop driving in the sleep 
deprivation condition; non-completers participants were not able to keep their 
driving trajectories anymore.  

Our results did not reveal any significant groups difference for alpha and 
theta, suggesting that non-completers were not sleepier than completers. 
However, the means in Figure 2 suggest that the alpha power spectrum was higher 
for non-completers than for completers in the sleep deprivation condition. The 
failure to obtain significant statistical results may be due to strong inter-individual 
difference within groups. Nonetheless, the decision to stop driving either by the 
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participant himself or by the driver instructor for non-completers in the present 
study does not seem linked to higher sleepiness and fatigue state. 

Both behavioral and EEG results contrast with those reported in the study 
of Akerstedt and colleagues (224) who investigated development of sleepiness 
indicators during an on-the-road driving task both during night- and daytime that 
could lead to the drive being prematurely terminated. In this study, the driving 
performance did not differ between the 8 participants who prematurely terminated 
the driving task and those who completed the task (n=10). However, results 
revealed that participants who prematurely terminated the driving task showed 
significant higher levels of sleep intrusions (i.e KDS) on the EEG/EOG and that 
these sleepiness indicators were more pronounced during the night drive than 
during the day drive (224). The discrepancy between results from our study and 
those from the study of Akerstedt and colleagues may be explained by major 
differences in the design of both experiments. Firstly, in the study of Akerstedt 
and colleagues, the age range was larger and participants were older in mean (30-
60; 46.6 ± 8.8 years old) than in the present study (23-45 years old; 26.9 ± 3.4 
years old). It has been shown that younger participants are more likely to have 
driving incidents (52) and had higher SDLPs scores (271) than older (i.e 
experienced) drivers. Thus, the mean age of participants included in the present 
study could have lead to greater variation of the lateral position which may have 
contributes to detect driving performance difference between completers and 
non-completers. Secondly, the study of Akerstedt and colleagues was conducted 
in sleepier conditions than the present study (i.e during the afternoon and during 
the second half of the night). In addition, participants drove around one hour and a 
half while participants in the present study drove one hour. Altogether, the 
experimental conditions of the study of Akerstedt and colleagues could have 
exacerbated the sleepiness and fatigue status of participants. As a result, this might 
have led to higher levels of EEG sleep intrusions than in the present study that 
probably helped to highlight differences between completers and non-completers. 
Results of the present study also suggested occurrence of compensatory 
mechanisms due to effort in completers leading to less amounts of sleepiness 
indicators. Indeed, we found that, in the Frontal cluster, the beta power did not 
vary with ToT for non-completers while it was increasing with ToT for completers. 
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Because it has been shown that elevated beta power at frontal sites reflects top-
down low arousal compensation (272), this result could reflect differences in 
compensatory mechanisms in both groups due to effort (115,133). Non-
completers may not have been able to invest more effort to finish the task as 
reflected by the lack of increased beta power with ToT in this group of 
participants.  

 
4.3. Sleep deprivation effects  

Our results showed that real driving performance, as measured by SDLP, is 
deteriorated after one night of total sleep deprivation. This result is in line with 
previous studies that reported driving performance decrement after sleep 
deprivation/restriction both in simulator (52,54,63,273,274) and on-the-road 
driving settings (51,64).  

Regarding the EEG results, the present study showed that one night of 
sleep deprivation lead to increased alpha and theta power in all brain areas 
investigated (i.e. frontal, central and parieto-occipital). This is the first time that 
continuous EEG is recorded during a real driving task the morning after a night of 
total sleep deprivation. Previous studies have assessed EEG during real driving in 
the middle of the night, (65,224,225) or during simulated driving 
(52,63,115,121,225,228,249,275). Results from these studies suggest that an 
increased alpha and theta power is linked to an increased level of sleepiness 
(52,63,65,121,225,249,275) and more fatigue (110,115,228) as demonstrated 
by correlations with subjective measures of sleepiness. Laboratory investigations 
have shown that alpha is sensitive to attentional demands (120,130,260). The 
theta band is linked to occurrence of a sleepiness state (30,136,258,259). Our 
results may then reflect an increased state of sleepiness and more attentional 
demand after sleep deprivation than in the normal sleep condition. Contrary to our 
expectation, we did not find any significant effect of sleep deprivation on the beta 
frequency band compared to the normal sleep condition.  
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4.4. Time on Task effects  
The ToT effects on driving performance were few in the normal sleep condition, as 
SDLP was almost constant over time. This result differs from investigations using 
driving simulators, who revealed deterioration of performance with ToT even in 
well-rested conditions (63,250). However, our results are consistent with those of 
two previous on-the-road driving studies. In the study of Sandberg and colleagues 
(65), no ToT effect on SDLP has been found considering both daytime and 
nighttime driving. In the study of Perrier and colleagues (In revision, Biol. 
Psychol.), only small variations of SDLP have been found over time. Altogether, 
our results and those of previous on-the-road driving investigations suggest that 
ToT effects are different within real driving setting compared with a simulator 
setting. Similar to the driving performance, the alpha power spectrum was almost 
constant over time in the normal sleep condition. Both results (i.e driving and 
alpha power) can be interpreted together. As the alpha power spectrum is known 
to reflect attentional processing (118,120,123,124,133,262,276) and as both 
the alpha power spectrum and the driving performance stay almost at a constant 
level with ToT in the normal sleep condition, we may suppose that no additional 
demand was needed because the driving performance was not deteriorated by ToT 
and participants were able to maintain their trajectories.  

In contrast, our results showed that the theta power increased even in the 
normal sleep condition until S4 compared to both the start and the end of the 
driving task. The increased theta power is in line with previous ToT effects 
reported during sustained attention (111) and simulated driving tasks (63,115). 
However, after S4, the theta power spectrum was decreasing. As, the theta power 
is known to reflect sleepiness and fatigue states (30,110,136,228,258,259); our 
results suggest that fatigue and sleepiness do not vary in one direction across the 
on-the-road driving task after a normal night of sleep. The latter differ from 
previous driving simulator results that showed a gradual increase of theta with ToT 
(63,115).  
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4.5. Lack of correlation between SDLP and EEG measures 
Although we mentioned possible linkage between driving performance and 
fluctuations in background EEG fluctuations, we can not be sure that there is a 
direct link between both as we did not find any significant correlation between 
SDLP and background EEG. This lack of correlation is not in line with our 
expectation. Although some previous driving studies found a link between both 
parameters (222,265), several other studies did not (232–235). The individual 
variations in EEG parameters may be too large to find potential correlation with 
behavioral parameter (i.e SDLP). In addition, as fluctuations over time varied with 
the parameter considered (i.e EEG and SDLP), it could have been even more 
difficult to find significant correlation between both parameters across ToT.  

 
4.6. Limitations and future research 

One of the limitations of our study is the age range of participants that were 
included. Indeed, it has been shown that younger participants are more sensitive 
to the cumulative effects of sleep deprivation and ToT under simulated driving 
condition (52). Considering this previous finding, we can suppose that the same 
study conducted in older drivers could lead to less behavioral performance 
decrement with ToT after sleep deprivation. Lower markers of sleepiness and 
fatigue (i.e theta and alpha) and increased marker of compensation can also be 
expected. However, to our knowledge, these results about the cumulative effects 
of ToT and sleep deprivation have not been replicated in conditions of on-the-road 
driving.   

Previous driving and EEG investigations that aimed to assess drivers 
fatigue and sleepiness demonstrated that the theta and alpha EEG bands 
(226,236,277) were reliable measures that could be used as sleepiness indicators 
in on-board countermeasure devices. However, in the current study, our results 
showed that only the theta power spectrum increased with ToT in both conditions. 
In contrast, the alpha power spectrum and the SDLP were relatively constant over 
time after normal sleep. The theta power spectrum seems thus the most reliable 
measure to assess drivers fatigue status even in well-rested conditions. This 
information is important as few studies evaluated EEG fluctuations over time 
following sleep deprivation using on-the-road driving and then indicated the 



Driving(performance(and(EEG(fluctuations(during(on9the9road(driving(
following(sleep(deprivation(#

105#

(

(

detectable and reliable measures of drivers fatigue and sleepiness. Future 
investigations that aimed to develop drowsy or fatigue detection systems adapted 
to the real highway driving conditions should take this information into account. 
Our study revealed for the first time in on-the-road driving condition that sleep 
deprivation exacerbate driving impairment as reflected by SDLP as well as fatigue 
and sleepiness (i.e theta and alpha power spectra) as a function of ToT effects. 
These effects were particularly true for the theta power spectrum that should be 
taken into account for the development of future status drivers system.  Our 
results also suggested that participants who completed both driving sessions (i.e 
completers) put more effort across the task compared to those who prematurely 
terminated the drives (i.e non-completers), as reflected by their increased beta 
power spectrum in the Frontal cluster compared to non-completers. 
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Chapter 6  
Specific electroencephalographic 
sleep pattern in the prefrontal 
cortex in primary insomnia: a 
spectral analysis  
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Abstract 
The aim of the current investigation was to assess the specific prefrontal activity 
compared to that in the other main cortical areas in primary insomnia patients and 
in good sleepers. Fourteen primary insomnia patients and eleven good sleepers 
were included in the analysis. Participants completed one night of 
polysomnography in the sleep lab. Power spectra were calculated during NREM 
(Non-Rapid Eye Movement) and REM (Rapid Eye Movement) sleep at prefrontal, 
occipital, temporal, and central electrode positions. During NREM sleep, the 
power spectra did not differ between groups in the prefrontal cortex; while 
primary insomnia patients exhibited a higher beta power spectrum and a lower 
delta power spectrum compared to good sleepers in other areas. During REM 
sleep, the beta1 power spectrum was lower in the prefrontal cortex in primary 
insomnia patients compared to good sleepers; while no significant difference 
between groups was obtained for the other areas. The present study shows a 
specific prefrontal sleep pattern during the total sleep period. In addition, we 
suggest that primary insomnia patients displayed a dysfunction in the reactivation 
of the limbic system during REM sleep and we provide additional arguments in 
favor of a sleep-protection mechanism displayed in primary insomnia patients. 
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1. Introduction 

Between 5 and 30% of the general population complains of insomnia, which 
makes this pathology one of the most prevalent sleep disorders (6,7,170). It is a 
public health issue as the annual direct and indirect costs have been globally 
estimated at $1 253 in the United States (15) and at $5 010 per year in the 
province of Quebec, Canada (16). Among the different types of insomnia defined 
by the DSM-IV, primary insomnia (PI) is a complaint of non restorative and/or 
insufficient sleep with difficulty initiating and maintaining sleep, and early 
morning awakenings associated with daytime consequences, without comorbidity. 
Using this definition, PI affects 2-4 % of the general population (141).  

Despite the socioeconomic burden and the daytime consequences of 
insomnia (16), this pathology and its sleep characteristics are poorly understood 
(80,81). Polysomnography (PSG) investigations in PI have not consistently 
revealed modifications in sleep architecture. PSG derived sleep variables produced 
far fewer pronounced differences than expected in good sleepers when compared 
to the subjective estimates of sleep quality in patients (210). A more detailed 
approach such as the investigation of power spectra analysis (PSA) is considered 
more promising for better understanding the pathophysiology of PI (79). A 
general finding in PSA is increased beta activity during NREM in PI patients 
compared to good sleepers (84–87,278), which reflects cortical hyperarousal in 
PI (81,279). In contrast to NREM findings, REM investigations have led to 
inconsistent results as significant differences in the beta power spectrum between 
PI patients and good sleepers were found in two studies (86,87), while no group 
differences were found in two others (84,85). 

Since previous studies of spectral analysis during sleep have not compared 
the cortical activity between various brain areas, no specific cortical activity during 
sleep in one area compared to the others has been studied. Thus, further PSA 
investigations will be useful to better understand the spectral modifications that 
could occur during sleep in specific cortical areas in PI as well as its 
physiopathology. Several neuropsychological studies have revealed that PI 
patients had impaired performance in tests involving the prefrontal cortex 
(68,280–282), and neuroimaging studies have shown brain function and 
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morphology alterations in the prefrontal cortex (72,77,88), respectively. As the 
prefrontal cortex has a major role in mediating sleep physiology, e.g. deactivation 
during the transition between waking state and NREM, increasing this 
deactivation with the deepening of NREM sleep and reactivation during sleep 
(90,283,284), we can suppose that alterations or modifications in the prefrontal 
cortex could be present during the sleep period in PI patients. The objective of the 
current investigation was thus to assess the sleep EEG power spectra in PI patients 
and in good sleepers in four main cortical areas (temporal, central, occipital, and 
prefrontal) and to compare the EEG power spectrum in other areas (occipital, 
central, and parietal) to those in the prefrontal area. 

2. Methods 
 
2.1. Participants 

The data presented in this paper are part of a study whose results concerning 
behavioral (driving performance) data were recently published (144). The 
polysomnographies were recorded the night before the driving evaluation for all 
participants. Twenty-one PI patients and sixteen good sleepers were included. 
Sleep architecture was analyzed for 17 PI patients and 11 good sleepers, but after 
inspection for spectral analysis, due to strict artifact rejection (e.g. eye 
movements), not all recordings could be analyzed. Consequently, both sleep 
architecture and spectral analysis are presented here for the same participants 
remaining, i.e. 14 PI patients (7 men and 8 women; mean age = 47 ± 17; age 
range = 24-74 years) and 10 good sleepers (4 men and 7 women; mean age = 46 
± 15; age range = 23-64 years).  

After a telephone interview, the participants from both groups had a 
medical interview by a sleep clinician to ascertain: i) sleeping difficulties and 
diagnosis of DSM-IV insomnia for the insomnia patient group; ii) good physical 
condition; the absence of sleep, alertnes; neurological, cardiovascular, 
respiratory, hepatic, renal, or metabolic disorders; presence of poor hygiene or 
habitual abnormal sleep patterns (e.g. night or shift work) for the good sleeper 
group.  
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The participants included in the insomnia group had to meet the following 
inclusion criteria according DSM-IV primary insomnia criteria: (a) presence of a 
subjective complaint of insomnia defined as difficulty initiating (sleep onset 
latency (SOL), > 30 min) and/or maintaining (time awake after sleep onset > 30 
min) sleep; (b) early awakening (< 6.5 h of sleep or waking up earlier than the 
desired wake up time); (a) and (b) had to occur at least three nights per week; (c) 
insomnia duration of at least 6 months; (d) insomnia or its perceived 
consequences causing marked distress or significant impairment of occupational 
or social functioning (problem of concentration); and (e) presence of a subjective 
complaint of at least one negative daytime consequence attributed to insomnia 
(fatigue, mood disturbances). 

The exclusion criteria were: (a) significant current medical or neurological 
disorder that could compromise sleep; (b) major psychopathology that could 
induce insomnia; (c) psychotropic or other medications consumption known to 
alter or induce sleep; (d) poor hygiene or habitual abnormal sleep patterns (e.g. 
night or shift work); and (e) another sleep disorders (assessed by 
polysomnography) such as sleep apnea (apnea-hypopnea index > 10), or periodic 
limb movements during sleep (myoclonic index with arousal > 10). All insomnia 
and good sleepers participants were excluded if they: i) had a current or past 
dependence on alcohol, opiates, benzodiazepines, or any illicit drugs; ii) smoked 
more than five cigarettes per day; iii) drank more than 28 units of alcohol per week 
or iv) consumed more than 150 mg of caffeine per day. All participants had normal 
or corrected to normal vision (visual acuity greater than or equal to 7/10).  

The study was granted ethical approval by the Caen Northwest III ethics 
committee and by the Health Ministry (number DGS 2005/0388). Each 
participant gave written informed consent in accordance with the requirements of 
the committee.  

2.2. Polysomnography 
A standard laboratory procedure was conducted for all participants for one 
experimental night. 

Sleep was recorded using a polysomnography ambulatory monitoring 
machine (Medatec Dream). A standard montage of polysomnography was used 
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including 8 EEG channels (FP1, FP2, C3, C4, O1, O2, T3, T4 referenced on 
linked mastoid A1 and A2), 2 electrooculogram (EOG) channels, and one 
submental electromyogram channel. This montage was complemented by 
recordings from the left and right anterior tibialis muscle, recordings of nasal/oral 
airflow, thoracic and abdominal effort, body position) and oximetry. All PSG were 
scored according to the standard criteria (196) by experienced sleep specialists 
(CC, FB).  

The objective measures of sleep included sleep onset latency (SOL, min), 
waking after sleep onset (WASO, min), total sleep time (TST, min), sleep 
efficiency (SE, %), total time (min), latencies (min), and percentage (%) of stages 
1, 2, and 3+4, and rapid eye movement (REM). 

2.3. Spectral analysis 
The EEG data were filtered with a band pass filter of 0.16-70 Hz and sampled at 
200 Hz. Computerized spectral analysis was performed with fast Fourier 
transformation (FFT) on the all-night filtered EEG after elimination of epochs 
with artifacts (eye movement, electrocardiogram, electromyogram or movement-
related artifacts). Spectral analysis was performed on 5.12-s epochs and on the 8 
channels recorded (FP1, FP2, C3, C4, O1, O2, T3, T4, referenced on linked 
mastoid A1 and A2) to investigate the difference in EEG power spectra in 
different areas. Before computing the FFT, the data were tapered with the 
Hamming window. The FFT was computed on artifact-free epochs. The FFT was 
carried out on each sleep stage on the total number of epochs corresponding to 
the maximal number of artifact-free epochs observed in all subjects. The relative 
power spectrum was obtained in frequency bands as follows: delta (1.5–4 Hz); 
theta (4–7.5 Hz); alpha (separated in alpha1, alpha2, and alpha 3 and aggregated) 
(7.5–12.5 Hz); sigma (12.5–14 Hz); beta (separated in beta1, beta2, and beta 3 
and aggregated) (14–30 Hz). All night power averages were obtained separately 
for stage 2, stage 3+4, and REM sleep.  

2.4. Statistical analysis  
Statistical analyses of EEG data were performed with SAS (SAS Institute Inc., 9.3) 
and R (3.0.1) software (285). Polysomnography variables were compared using a 
variance analysis with the GLM procedure with comparison between groups (PI 
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patients vs good sleepers). For spectral analysis, we used an analysis of variance 
(ANOVA) with two factors, including group and areas (prefrontal vs other areas 
which correspond to the mean of the three other areas). Post hoc comparisons 
between groups and areas for significant interactions were then conducted with 
Tuckey t-tests to control for multiple comparisons. For the spectral analysis, only 
results of the group effect and the group by area interactions are described in the 
results section. The significance level was set at p<0.05. 

Moreover, we calculated effect sizes using partial omega squared (286). 
These effect sizes were reported for group comparison for the sleep architecture 
results and for group comparisons and group by area interactions for the spectral 
analysis results.  

3. Results 

Participant characteristics are given in Table 1 for each group. 

Table 1. Baseline characteristics of participants 
Questionnaires Insomnia patients (n = 17) 

Mean  
(SD) 

Good sleepers (n = 11) 
Mean  
(SD) 

p value  

ISI  18.5 (4.80) 3.29 (1.38) 0.006** 

PSQI 10.86 (2.67) 3.90 (2.38) <0.001*** 

Horne and 
Ostberg  

56.92 (10.24) 58.80 (9.80) 0.66 

Age  47 (16.82) 44.2 (14.96) 0.68 

Sex 5M/9F 4M/6F / 

Between-group analyses (unpaired t tests). Equality of variance correction was applied. SD: Standard 
Deviation, ISI: Insomnia Severity Index, PSQI: Pittsburg Sleep Quality Index. **p <0.05; ***p<0.001. 
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3.1. Polysomnography 
Polysomnography results are presented in Table 2. Statistical results revealed that 
the sleep efficiency was lower and that the number of WASO was higher in PI 
patients compared to good sleepers. 
 

Table 2. Sleep characteristics of participants 
Sleep 

parameters 
Insomnia patients (n 

= 14) Mean (SD) 
Good sleepers (n 
= 10) Mean (SD) 

p 
value 

ω²p [CI 
90%] 

TSP (min) 457.26 (23.03) 4451.68 (48.50) 0.71 -0.037 
[0.00 ; 
0.13] 

TST (min) 382.39 (544.71) 408.42 (47.97) 0.19 0.034 
[0.00 ; 
0.28] 

SE (%) 83.73 (9.45) 90.05 (7.07) 0.071* 0.098 
[0.00 ; 
0.35] 

REM Latency 
(min) 

106.20 (38.85) 101.29 (40.50) 0.78 -0.040 
[0.00; 0.11] 

Number of 
WASO (>1min)  

09.36 (4.83) 5.89 (2.56) 0.051* 0.12 [0.00; 
0.37] 

Stage 1 (% TST) 10.46 (4.90) 12.062 (3.35) 0.24 0.018 
[0.00; 0.25] 

Stage 2 (% TST) 43.44 (10.44) 43.89 (7.93) 0.91 -0.042 
[0.00; 0.05] 

SWS (% TST) 29.01(10.55) 26.00 (6.00) 0.42 -0.014 
[0.00; 0.20] 

REM (% TST) 17.09 (5.94) 17.15 (4.16) 0.85 -0.042 
[0.00; 
0.086] 

*0.1>p>0.05; Between groups analysis using two-way ANOVA (GLM procedure), insomnia patients vs good 
sleepers. TSP: Total Sleep Period, TST: Total Sleep Time, SE: Sleep efficiency, REM: RapidEye Movement, 
WASO: Waking After Sleep Onset, SWS: Slow Wave Sleep, SD:Standard Deviation, ω²p : partial omega 
squared. 
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3.2. Spectral analysis 
Significant results of the power spectral analysis for the group effects and the 
group by area interaction for both NREM sleep and REM sleep are summarized in 
Table 3. Statistical results for the post hoc comparisons are given in the text. To 
focus the statistical description on the spectral changes in PI compared to the 
good sleepers related to brain areas, only the significant group effects and the post 
hoc corresponding to the significant group by area interactions are detailed for 
each sleep stage and each frequency band in the following section.  
 
Stage 2 
For both the delta and the beta bands, statistical analysis revealed a group by area 
interaction but no significant difference between groups. For the delta band, post 
hoc comparisons revealed no significant difference either between groups or 
between areas (See Figure 1). For the beta band, post hoc comparisons revealed 
that good sleepers displayed a significantly lower power spectrum in the other 
areas than in the frontal area (p=0.030) (See Figure 2). 
 
Stage 3+4 
Statistical results for the group effect revealed that PI patients displayed 
significantly higher alpha and sigma power spectra than good sleepers and a lower 
delta with a trend. For the delta band, post hoc comparisons of the significant 
group by area interaction revealed that PI patients displayed a significantly lower 
power spectrum than good sleepers in the “other areas” (p=0.039) whereas no 
significant difference between groups was found for the prefrontal area (p=1.0) 
(See Figure 3). For the sigma band, post hoc comparisons of the significant group 
by area interaction revealed that PI patients displayed significantly higher power 
spectrum in the “other areas” (p=0.056), whereas no significant difference 
between groups was found for the prefrontal area (p=1.0) (See Figure 4). For the 
beta band, post hoc comparisons of the significant group by area interaction 
revealed that PI patients displayed a significantly higher power spectrum in the 
“other areas” (p=0.013), whereas no significant difference between groups was 
found for the prefrontal area (p=0.38) (See Figure 5). 
REM stage 



116$ Chapter!6$
!

!

For the beta1 band, post hoc comparisons revealed that the lower power spectrum 
of the PI patients in the prefrontal area was near significant level (p=0.060) (See 
Figure 6).  

Table 3. Significant results of the power spectral analysis 
Stages Bands Group effect 

DF=3 

Group*Areas 

Effect DF=1 

ω²p 

[CI 90%] 

 

 

p F p Group effect Groups*Areas 

effect 

Stage 

2 

Delta 0.02 0.895 4.55 0.039** -0.021 [0.00; 

0.03] 

0.069 [0.003; 

0.23] 

Beta 0.02 0.90 8.60 0.005** -0.021[0.00; 

0.028] 

0.14 [0.29; 

0.31] 

Stage 

3+4 

Delta 3.56 0.066* 4.16 0.048** 0.051 [0.00; 

0.21] 

0.062 [0.00; 

0.22] 

Alpha 6.48 0.015** 0.58 0.45 0.10 [0.014; 

0.27] 

-0.009 [0.00; 

0.11] 

Sigma 5.95 0.019** 6.37 0.015** 0.093 [0.011] 0.10 [0.013; 

0.27] 

Beta 1.29 0.26 11.65 0.0014** 0.0059 [0.00; 

0.14] 

0.18 [0.053; 

0.36] 

REM Beta1 3.06 0.087* 3.66 0.062* 0.041 [0.00; 

0.20] 

0.05 [0.00; 

0.21] 

*0.1>p>0.05; **p<0.05; Groups effect, insomnia patients versus good sleepers; Groups*Areas effect, 
interaction between group effect and frontal versus others scalp areas effect; REM, Rapid Eye Movement; DF, 
Degree of Freedom, ω²p: partial omega squared. 
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Figure 1. Relative power spectra for the delta band during stage 2 for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). ** p<0.05. 
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Figure 2: Relative power spectra for the beta band during stage 2 for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). ** p<0.05. 
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Figure 3: Relative power spectra for the delta band during stage 3+4 for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). ** p<0.05. 
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Figure 4: Relative power spectra for the sigma band during stage 3+4 for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). ** p<0.05. 
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Figure 5: Relative power spectra for the beta band during stage 3+4 for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). ** p<0.05. 
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Figure 6: Relative power spectra for the beta1 band during stage REM for both groups 
(insomnia patients and good sleepers) and each area (others vs prefrontal). *0.1>p>0.05. 
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4. Discussion 

The aim of the current investigation was to evaluate whether, in PI patients, the 
prefrontal cortex displayed a specific sleep pattern compared to good sleepers. 
The main results showed that: i) the prefrontal cortical activity in PI patients 
differs from that recorded in the other cortical areas; ii) this specific difference 
between cortical activity in areas in PI patients was observed during both NREM 
and REM sleep; iii) the relative beta power spectrum in PI patients was higher 
compared to good sleepers for the other cortical areas and this result remained 
constant throughout NREM sleep (stage 2 and stage 3+4).  

The specific prefrontal activity in PI patients was revealed during NREM 
sleep (stage 2 and 3+4) by a concomitant lack of difference between groups for the 
delta and beta power spectra in the prefrontal area with the presence of cortical 
activity differences between groups in other areas. We also found cortical activity 
differences between groups for the sigma band during stage 3+4 in the other 
areas, while no group difference was revealed for the prefrontal area. During REM 
sleep, the only difference between the two groups was found for the prefrontal 
electrodes, as we observed that PI patients displayed fewer beta1 power spectra 
than good sleepers in this cortical area. To our knowledge, this is the first report 
about a specific prefrontal sleep pattern compared to other cortical areas in PI 
patients. 
Our NREM findings for the other areas (occipital, central, and temporal areas) 
revealed that PI patients displayed: i) higher beta and lower delta power spectra, 
and; ii) a higher sigma power spectrum compared to good sleepers. These results 
are in agreement with previous reports (84–87,278). Nevertheless, the present 
study is the first to describe simultaneously a higher beta power spectrum 
throughout the entire NREM sleep (i.e stage 2 and stage 3+4) in PI patients. It is 
important to note that our participants had been free of medications for at least 
two years. Therefore, our results showing an increased sigma power spectrum 
could not be linked to the what is called the “GABA-Benzodiazepine signature” 
which refers to suppression of frequencies below 10 Hz and an increase in sigma 
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band power (287,288). Our results can be interpreted as a hyperarousal state 
throughout NREM sleep in PI. 

Our REM results, demonstrated a lower beta1 value in the prefrontal area 
in PI patients compared to good sleepers, but no difference between groups in the 
other cortical areas (central, temporal, occipital). The lack of difference in activity 
between groups in the central area in the current study is in line with the results of 
Spiegelhalder and colleagues (85). Our findings in the prefrontal area contrast 
with those of Merica and colleagues (86), who found increased beta and gamma 
band (i.e higher frequency band) activity in F4 in PI patients compared to good 
sleepers. However, the authors were not convinced by their REM results as they 
mentioned possible NREM sleep intrusions in REM sleep leading to unexpected 
results (increased in higher frequency bands) during this period.  

The specific sleep pattern revealed in the prefrontal area compared to 
other cortical areas during NREM and REM stages in PI patients extends previous 
findings which revealed frontal modifications or alterations in PI during the 
waking state. Indeed, by using neuroimaging, previous studies showed that PI 
patients displayed: i) higher general brain metabolism during the waking state and 
sleep (89); ii) a reduced relative metabolism in the prefrontal cortex in comparison 
with other brain areas during the waking state (89); and iii) a specific 
hypoactivation of the prefrontal cortex during a letter fluency task in comparison 
to good sleepers (77).  

Altogether, our NREM and REM results indicate that PI patients displayed 
a specific dysfunction in the reactivation of the limbic system during the REM 
period rather than a global prefrontal dysfunction during sleep. During REM 
sleep, in the prefrontal cortex, there is a reactivation (i.e an increase in the cortical 
activity) of what is called the “anterior paralimbic REM activation area” 
(289,290), while other parts of the prefrontal cortex remain deactivated 
(289,291). In contrast, during NREM sleep, the entire prefrontal cortex is 
deactivated (including the anterior paralimbic REM activation area). Our results 
may then be interpreted as follows: i) the hypoarousal, reflected by less beta1 
activity during REM sleep in PI patients in prefrontal electrodes, may be linked to 
a problem in the reactivation of the anterior paralimbic area during REM sleep; ii) 
the lack of hyperarousal, reflected by no difference in beta activity between groups 
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during NREM sleep in prefrontal electrodes, may be linked to the fact that the 
entire prefrontal cortex is deactivated during this sleep stage.  

Our results showing a concomitant greater sigma and alpha power spectra 
during the NREM sleep in PI patients compared to good sleepers seem to support 
the idea that PI patients display more sleep-protective mechanisms than good 
sleepers. The sleep microstructure modifications linked to PI and their 
interpretations are complex, and varied results can be found in the literature (See 
(79) for a review). Among them, a consistent finding in PI patients is a higher 
cognitive brain state during sleep. However, it is not clear whether PI patients 
display more sleep-promoting mechanisms compared to good sleepers 
(292,293). The higher sigma power spectrum during stage 3+4 in insomnia 
patients compared to good sleepers found in the other areas can be viewed as an 
increase in sleep stability (284). In a recent review, authors underlined the role of 
the alpha rhythm in inhibition mechanisms in reflecting a “closed thalamic gate” 
(120). Consequently, our findings suggest that PI had more sleep-promoting 
mechanisms (reflected by greater sigma and alpha rhythms) than good sleepers. 
This can be linked to compensatory mechanisms against the hyperarousal state 
(reflected by an increase in beta rhythm).  

This study has some limitations, in particular our small sample size. 
However, the patients included were carefully diagnosed for primary insomnia, 
were without comorbidity, and without concomitant drug intake. Complementary 
investigations should be performed to extend our findings. In addition, further 
studies are also needed in other subtypes of insomnia in order to assess whether 
the specific prefrontal activation pattern found here is also found in other 
subtypes. Such studies are also needed to better understand the pathophysiology 
of insomnia. Additionally, sleep recording was performed during a single night of 
polysomnography. It is well known that participants‘ sleep architecture during the 
first night in a sleep laboratory environment differs from subsequent nights, which 
is called “the first night effect” (FNE). Of note, it has been shown that in good 
sleepers the TST, the time spent in REM sleep, and sleep efficiency are lower and 
the REM latency and the number of WASO are increased (294,295) compared to 
subsequent nights. In the current investigation, we assumed that the relative high 
amount of stage 1 found in good sleepers is due to this FNE as it leads to more 
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WASO. In the insomnia patient group, the high amount of SWS found can be 
explained by the reverse first night effect (RFNE), already described in these 
patients (294,296). Furthermore, it has been shown that insomnia patients sleep 
better at the sleep laboratory than at home (296). Consequently, the SWS can be 
increased and thus here appeared unusually high for primary insomnia patients.  

In conclusion, the present study provides evidence, for the first time, of a 
prefrontal sleep pattern that differs substantially from that in other cortical areas 
during both NREM and REM sleep. Altogether, our results suggest that PI 
patients display a specific dysfunction in the reactivation of the limbic system 
during the REM period. Our results also provide additional arguments in favor of a 
sleep-protection mechanism displayed by PI patients in addition to their classic 
cortical signature of hyperarousal.  
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General discussion 
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In this dissertation, the five experimental chapters were designed to study daytime 
deficits as well as EEG fluctuations following sleep deprivation and PI. We 
described new findings on the daytime deficits of PI patients, particularly those of 
vigilance and conflict resolution. Our results showed a driving performance 
decrement in PI patients in the condition of simulated monotonous driving, which 
contrasts with the lack of impairment observed in an on-the-road driving study. In 
addition, results from the ANT revealed that compared to good sleepers, PI 
patients had a longer overall reaction time and a longer reaction time in the 
incongruent flankers condition compared to other flanker conditions. However, 
no performance impairment was found in the PVT in PI patients compared to good 
sleepers. We also investigated spectral EEG fluctuations during the waking state 
and during sleep in PI patients. The EEG fluctuations over time during daytime 
on-the-road driving were smaller in PI patients compared to those in good 
sleepers. The sleep spectral investigation in PI patients indicated a specific EEG 
sleep pattern in the prefrontal cortex compared to other cortical areas (i.e. 
parietal, occipital and central) during both NREM and REM sleep. Finally, we 
demonstrated that sleep deprivation deteriorated the on-the-road driving 
performance and exacerbated the ToT effects on both driving performance and 
EEG. In the present chapter, our major findings will be discussed.  
The aims of the current dissertation were as follows and are discussed separately 
below: 

• Evaluate daytime performance (as a function of Time on Task) in PI 
patients and in healthy volunteers after sleep deprivation,  

• Investigate the pathophysiology of PI during both daytime and the sleep 
periods by using EEG to determine brain activity modifications. 

Attention and vigilance daytime deficits in primary insomnia 

Attention and vigilance performances in PI are described in Chapters 2, 3 and 4. 
The driving performances of PI patients in monotonous conditions, with both 
simulated and on-the-road driving settings, were investigated in Chapters 3 and 
4, respectively. Compared to normal sleepers, a performance decrement in PI 
patients that occurred after 20 minutes of driving was observed in the simulated 
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driving task (Chapter 3) which was not found in on-the-road driving  (Chapter 
4). Our findings for the PVT showed no performance difference between PI 
patients and good sleepers (Chapter 3). In contrast, the overall RT at the ANT 
was longer in PI patients compared to good sleepers (Chapter 2). Results from 
Chapter 2 also revealed no performance difference between groups for each of 
the three attentional networks (alerting, orienting and executive function). 
However, compared to good sleepers, PI patients performed more slowly in the 
incongruent flanker condition (i.e. conflict situation) than in the congruent and 
neutral flanker conditions, reflecting a conflict resolution deficit.  

Two main differences between the simulated and the on-the-road driving 
task characteristics may explain the discrepant results found between the two 
driving investigations in PI: 1) driving simulators generally cause higher levels of 
sleepiness than real driving tasks, and 2) PI patients in the driving simulation 
studies were generally younger than those in the real driving study. 

Contrary to the simulated driving task that utilizes a landscape circuit 
without any stimulus, the on-the-road driving task requires participants to 
confront incoming stimuli such as other cars and traffic signs. The on-the-road 
driving task also included a number of turning points that were not present in the 
driving simulation. These characteristics (i.e. incoming stimuli and turning 
points) may have made the on-the-road driving task less monotonous than the 
simulated driving test. Moreover, it has also been shown that, during night driving, 
the driving simulator is associated with more lateral variability than on-the-road 
driving (53). Therefore, the vigilance decrement observed in PI patients was 
probably highest in the simulated task that helped to highlight differences between 
PI patients and good sleepers. Since simulators cause higher sleepiness levels than 
real driving, generalizations from simulators to real driving must be made with 
great caution. One may argue that the simulated highway driving task was not 
realistic and that the driving performance decrement shown in simulated 
conditions may not apply to real driving conditions. Nonetheless, although driving 
simulator performance is not strictly comparable to performance in real driving 
conditions, previous studies have shown the validity of simulated driving 
compared to on-the-road driving (53,297). Despite some limitations with the use 
of simulators to assess performance, the driving impairment found in PI patients is 
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in line with the increased risk of traffic accidents found in epidemiological studies 
in insomnia patients (21,176).  

The different age ranges (24-77 years old in Chapter 3; 52-71 in 
Chapter 4) of the participants included in the two studies should also be 
considered to explain the discrepant findings between the two driving 
investigations. To illustrate this point, a recent study showed that, in a group of 
insomnia patients older than 55 years old, daytime impairments were most 
consistently associated with a younger age group (298). Thus, the older insomnia 
patients included in the on-the-road driving study may therefore have been less 
sensitive to driving impairment than the younger insomnia patients that were 
included in the simulator study. Additional investigations aiming to compare 
behavioral and cortical modifications associated with younger and older insomnia 
patients are needed to better characterize the development of daytime 
impairments of PI patients and the eventual compensation mechanisms associated 
with older insomnia patients. Better knowledge about compensation mechanisms 
in older insomnia patients could, for example, provide new targets for 
implementing strategies to improve daytime performance and thus the daily life of 
insomnia patients. Nevertheless, although methodological issues may have shown 
limitations, our findings from Chapter 3 indicate that both insomnia patients and 
clinicians need to be aware of the driving impairments that might occur in 
monotonous highway situations in insomnia patients. Further on-the-road driving 
investigations should be conducted in young insomnia patients in order to assess 
their driving performance in real traffic conditions.  

The behavioral results from the simulated driving task (Chapter 3) 
indicated that PI patients have more difficulty than good sleepers in sustaining 
vigilance over time. Indeed, PI patients drove as well as good sleepers during the 
early parts of the simulated driving task. However, after 20 minutes of driving, PI 
patients had impaired driving performance compared to good sleepers. Our 
results also revealed that PI patients performed as well as good sleepers in the 
PVT, whereas they had a longer overall RT than good sleepers during the ANT. 
Because of its duration (20 minutes) and complexity (complex RT task), the ANT 
is more challenging than the PVT (10 minutes duration and simple RT task). 
Consequently, all these results are in line with previous findings that showed 
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performance impairment in PI patients compared to good sleepers using 
challenging or long duration tasks (69–71,142), whereas no performance 
impairment was found using simple or short duration tasks (74–76). Although the 
analysis of performance over time for the ANT did not reveal any significant 
difference between PI patients and good sleepers, a larger sample size may help to 
find such ToT effects in the ANT in future studies because insomnia patients 
constitute a heterogeneous population with different subtype characteristics (e.g. 
reporting of daytime deficits, depression, types of sleep problems) (299). 

We postulated that PI patients have difficulty recruiting appropriate 
cognitive resources that make them more susceptible to vigilance decrement than 
good sleepers. In order to investigate this assumption, we investigated EEG 
fluctuations during an on-the-road driving task in older PI patients and older 
normal sleepers (Chapter 4). Although we did not find any behavioral impairment 
over time in PI patients compared to normal sleepers in this study, our EEG 
results revealed a slight increase in the alpha and beta power spectra throughout 
the driving task in PI patients. The alpha power spectrum is believed to be 
attenuated in cases of maximal attention (125–128) and increased cognitive 
demand (129,130) and fluctuations in the beta power spectrum have been 
associated with changes in vigilance (131,132). Consequently, these results 
suggest that older insomnia patients seem unable to allocate and adapt their 
vigilance levels to accomodate cognitive demand (monotony and the duration of a 
vigilance task). Such difficulty in allocating and adapting cognitive resources may 
explain the observed vigilance decrements after 20 minutes of driving in PI 
patients under simulated driving conditions. Additionally, previous reports have 
shown performance impairments in highly demanding cognitive tasks in PI 
patients (see meta-analysis (68) and review (67)). However, because the real 
driving task is not strictly comparable to other tasks previously used in PI patients, 
additional investigations using a task known to induce performance impairment in 
PI patients (e.g. the ANT or a monotonous simulated driving task) while recording 
EEG would be suitable for further understanding a possible failure to recruit 
adequate cognitive resources in PI.  

Results from Chapter 2 revealed conflict resolution (a process that 
belongs to the executive control) deficit in untreated PI patients. Indeed, when PI 
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patients were faced with the incongruent flankers condition (the conflict 
situation), they reacted more slowly than in the congruent and neutral flankers 
conditions, which was not the case for the good sleepers. Our results confirm 
those of Liu and colleagues that showed impaired executive control in PI patients 
during the ANT (152). However, due to the possible confounding factor between 
PI and medication in the study of Liu and colleagues, it was not clear whether the 
observed impaired executive control performance could have been the result of 
the insomnia disorder per se or of the well known deleterious effects of medication 
on cognition (146). Since all the PI patients included in our study were free of 
medication, we showed that PI itself leads to executive dysfunction. Our findings 
also underlined the sensitivity of the ANT to reveal conflict resolution deficits in 
PI. Indeed, a previous investigation using the Stroop task (another conflict task) in 
PI patients (74) did not show any impairment in PI patients. Since one of the key 
cortical areas of executive functioning is the prefrontal cortex (300,301), our 
result is thus in line with neuroimaging studies that reported hypoactivation (77) 
and reduced gray matter and metabolism (72,88,89) in the prefrontal cortex 
during the waking state in PI patients. The alerting and orienting network showing 
a lack of performance difference between PI patients and good sleepers is in line 
with a previous ANT report in PI patients (152). However, our results for the 
orienting network performance contrast with those of previous investigations that 
reported sleep-related attentional bias in PI patients (154,155,157,158). As 
sleep is anxiety producing in PI patients (80,159), it cannot be excluded that such 
stimuli may have induced stress in participants compared to non personally 
relevant stimuli, thus affecting performance in the test used. In agreement with 
this hypothesis, a recent study in PI patients reported longer response latencies in 
an emotional Stroop task using sleep-related stimuli compared to non-specific 
treat stimuli (302).  

To conclude, our results revealed a driving performance decrement in PI 
patients, particularly in simulated monotonous driving conditions (Chapter 3) 
and in challenging tasks such as the ANT (Chapter 2). These performance 
impairments are probably due to greater difficulties in sustaining vigilant attention 
in PI patients than in good sleepers. Our EEG results (Chapter 4) support the 
idea that the vigilance decrement found in PI patients could be the result of a 
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failure to allocate and adapt cognitive resources as a function of the task demand. 
In addition, we showed, for the first time, a conflict resolution deficit in untreated 
PI patients. All these daytime deficits found in PI patients can impact their daily 
life performance because vigilance and executive control are implied in everyday 
behavior (e.g. scanning supermarket shelves, driving, working). These results 
could explain the complaints of daytime deficits often reported by insomnia 
patients. Therefore, clinicians and patients should be warned about a possible risk 
of traffic accidents, at least in the case of long and monotonous driving such as 
driving on a highway. 
 
Sleep deprivation enhances Time on Task effects: the case of on-
the-road driving 

In Chapter 5, we investigated on-the-road driving performance and background 
EEG fluctuations, as a function of ToT, after a night of sleep deprivation and after 
a night of normal sleep in healthy volunteers. Our results showed that one night of 
total sleep deprivation induces a global deterioration of on-the-road driving 
performance and an increase in the theta and alpha power spectra. Over time, the 
driving performance gradually decreased and the theta and alpha power spectra 
increased, after both normal sleep and after sleep deprivation. The ToT effects on 
driving performance and EEG were more pronounced after sleep deprivation 
compared to the normal sleep condition.  

We found a global deterioration in the driving performance after a night of 
sleep deprivation compared to the normal sleep condition. This result is in line 
with previous studies that reported a driving performance decrement after total or 
partial sleep deprivation and sleep restriction in both driving simulator 
(52,54,63,273,274) and on-the-road driving settings (51,64). Our EEG results 
revealed that, globally, one night of sleep deprivation leads to increased alpha and 
theta power in all brain areas investigated (i.e. frontal, central and parieto-
occipital). Since laboratory investigations have shown that alpha is sensitive to 
attentional demands (130,260) and that the theta band is linked to occurrence of a 
sleepiness state (30,136,259,262,303), our results may reflect both an increase 
in attentional demand and state of sleepiness after sleep deprivation compared to 
the normal sleep condition.  
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Furthermore, our findings showed that driving performance gradually 

decreased over time after both a normal night of sleep and after one night of total 
sleep deprivation. These ToT effects were more pronounced after sleep 
deprivation. Similar to the progression of the driving performance, the EEG theta 
and alpha power increased as a function of ToT after both a normal night of sleep 
and after TSD. The ToT effects were also more pronounced after sleep 
deprivation for both EEG bands, which means that sleep deprivation exacerbated 
attentional demand and fatigue due to ToT effects. Increments in theta and alpha 
EEG bands suggest increased attentional demand and sleepiness and explain why 
SDLP increased after sleep deprivation. These findings are consistent with earlier 
works that demonstrated that ToT effects on behavioral performance are 
exacerbated by sleepiness due to sleep deprivation (59,62,270). Our findings also 
support observations from epidemiological studies that revealed an increased risk 
of traffic accidents following sleep deprivation (26–28).  

Our results showed that the theta power spectrum increased with ToT 
after both normal sleep and following TSD, whereas the alpha power spectrum as 
well as SDLP were relatively constant over time after normal sleep. The latter 
results are consistent with a previous daytime on-the-road study (65), but differ 
from investigations using driving simulators (63,250). These studies revealed an 
increase in the alpha power spectrum and deterioration of driving performance 
with ToT, even in well-rested conditions (63,250). The discrepancy between 
some simulator and on-the-road driving studies is probably due to the highly 
monotonous condition of the simulated driving task that induces greater lateral 
position variability and more sleepiness than the on-the-road driving task (53,64). 
These discrepant findings between some simulators and on-the-road driving 
studies also underline that data collected in driving simulator studies cannot 
automatically be generalized to real life driving conditions. Altogether, our results 
(Chapters 4 and 5) and those of Sandberg and colleagues (65) suggest that ToT 
effects on EEG are different within a real driving setting compared with a 
simulator setting. Since few studies have evaluated EEG fluctuations over time 
following sleep deprivation using on-the-road driving, scarce information is 
available about detectable and reliable measures of driver fatigue and sleepiness in 
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real driving conditions. Up to now, previous investigations aimed at assessing 
driver fatigue and sleepiness have demonstrated that the theta and alpha EEG 
bands (226,236,277) were reliable measures that could be used as sleepiness 
indicators in on-board countermeasure devices. Results from Chapter 5 indicate 
that, in real driving conditions, the theta band seems particularly appropriate for 
giving information about the sleepiness state of participants, specifically related to 
ToT effects. Future investigations aiming to develop drowsy or fatigue detection 
systems adapted to real highway driving conditions should take this information 
into account. 

In Chapters 3, 4 and 5, our results indicate that the ToT effects on 
driving performance and spectral EEG induced by acute total sleep deprivation 
differed from those of PI. Our results from Chapter 4 showed that the driving 
performance decreased gradually throughout the driving task in the sleep 
deprivation condition. Similarly, we observed an increase in EEG markers of 
sleepiness and a decrease in EEG markers of arousal. In contrast, results from 
Chapter 3 showed that the driving performance of PI patients in simulated 
monotonous conditions decreased after 20 minutes and that the decrement was 
not gradual as after sleep deprivation. In the on-the-road driving condition, 
driving performance decreased slightly with ToT in both PI patients and good 
sleepers, and only slight variations in the EEG power throughout the driving 
period were found for PI patients (Chapter 4). The slight variations that were 
found in EEG with ToT in PI may reflect the difficulty in allocating and adapting 
vigilance levels in PI patients when driving. This result differs from the classic ToT 
effects induced by sleep deprivation (progressive decline in performance and in 
vigilance) (59). The difference is not unexpected, as recent models state that PI 
patients are characterized by hyperarousal from a cognitive, physiological and 
cortical point of view (81,304–306), while total sleep deprivation leads to 
increased sleepiness (63,115,116). Therefore, it seems logical that insomnia and 
sleep deprivation do not strictly lead to the same behavioral and cortical 
modifications. 

To conclude, our results showed that sleep deprivation exacerbated both 
driving impairment and sleepiness as a function of ToT. The increased difficulties 
in maintaining the car trajectory during sleep deprivation compared to a normal 
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night of sleep may be the results of the cortical modifications associated with sleep 
deprivation and ToT. In addition, we suggested that the effects of sleep 
deprivation on driving performance and EEG in the on-the-road driving setting 
differ from those in the simulated driving setting. We therefore postulate that 
drowsy driver detection systems should be developed and tested in real highway 
driving conditions in addition to simulated conditions. Finally, we showed that the 
effects of ToT led to different types of vigilance decrements during driving in PI 
and healthy subjects after acute total sleep deprivation. Insomnia patients display 
more subtle deficits than those elicited by sleep deprivation that can make them 
less dangerous on the road than acutely sleep deprived persons.  

 
Pathophysiology of primary insomnia 

In order to explore possible explanations of the pathophysiology of PI, we will 
discuss results from Chapters 2, 3, 4 and 6 and link them with neuroimaging 
results from previous investigations. We aimed to put forward new hypotheses 
about the pathophysiological mechanisms associated with PI in order to explain 
behavioral results found in this dissertation.  

In Chapter 6, we found specific prefrontal cortical activity in PI patients 
compared to activity in what we defined as the “other areas” (central, temporal and 
occipital cortical areas combined). Of note, during NREM sleep, we found lower 
delta and higher beta power spectra in PI compared to good sleepers in other areas 
(central, temporal and occipital cortical areas combined) while no group 
difference was revealed for the prefrontal area. We also found a higher sigma 
power spectrum in PI compared to good sleepers during stage 3+4 in the other 
areas (central, temporal and occipital cortical areas combined) while no group 
difference was revealed for the prefrontal area. During REM sleep, the only 
difference between the two groups was found for the prefrontal electrodes, as we 
observed that PI patients displayed a lower beta1 power spectrum than good 
sleepers in this cortical area.  

Our result from Chapter 6 revealed a lower beta1 power spectrum in 
REM in the prefrontal area in PI patients compared to good sleepers, whereas we 
did find a group difference for the beta1 power spectrum in the other areas 
(central, temporal and occipital cortical areas combined). Given that the beta EEG 
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band is related to the level of central arousal (132), the lower beta1 power found 
in the prefrontal area in PI patients compared to good sleepers during REM sleep 
can reflect hypoarousal of this cortical area during REM sleep in PI. During REM 
sleep, in the prefrontal cortex, there is a reactivation (i.e. an increase in the 
cortical activity) of the so called “anterior paralimbic REM activation area” 
(289,290), while other parts of the prefrontal cortex remain deactivated 
(289,291). We can thus argue that the prefrontal hypoactivation during REM 
sleep in PI patients as reflected by the lower beta1 power could be linked to a 
failure in the reactivation of the “anterior paralimbic REM activation area”, area 
which includes the amygdala and the anterior cingulate cortex (ACC) (307). 
Therefore, our spectral EEG results from Chapter 6 suggest a dysfunction in one 
of these brain regions in PI during sleep. This hypothesis is supported by a PET 
study that reported metabolism modifications in the ACC during sleep in PI 
patients compared to good sleepers (89). Although such a hypothesis needs to be 
further investigated, the ANT results from Chapter 2 provide additional 
arguments in its favor. The ANT task is a complex reaction time task that assesses 
the efficiency of the three attentional networks according to the model of Posner 
(101) (alerting, orienting and executive control). This task is based on the 
combination of the cuing paradigm developed by Posner (1978), and the Flanker 
task proposed by Eriksen and Eriksen (1974). It has been reported that the 
Flanker task produces more interference and leads to greater activation in the 
ACC than other conflict tasks such as the Stroop task (153). In Chapter 2, we 
found a conflict resolution deficit in PI patients, whereas a previous study using 
the Stroop task failed to show any conflict deficit in PI (74). We may suppose that 
the greater recruitment of the ACC during the ANT compared to the Stroop task 
allowed better highlighting of the conflict process impairment in PI because there 
is a dysfunction of the ACC in PI.  

Our EEG results from Chapter 6 and behavioral results from Chapter 2 
thus support the idea that there could be an ACC dysfunction during sleep and 
during the waking state in PI. This hypothesis would be in line with fMRI and 
spectroscopic findings that have revealed larger volume during the waking state 
(resting state) and increased metabolism during NREM sleep in the ACC in PI 
patients compared to good sleepers (95). However, to date, the behavioral 
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implications of such ACC dysfunction in PI, particularly when it concerrns driving 
performance, are not clear.  

The ACC is part of the Task Positive Network (TPN) which interacts with 
the Default Mode Network (DMN) to control task performance during visual 
spatial attention (308) that is mediated by both bottom-up and top-down 
mechanisms (See (309), for review). The TPN is known to exert top-down 
regulation of sensory processing by suppressing irrelevant stimuli, and to initiate 
and maintain a task-level cognitive set (310–312). The DMN is known to be less 
active during tasks that require attention or goal-orientation than during resting 
state paradigms (313), and has been suggested to be involved in the control of 
vigilance (314). Neuroimaging investigations that aimed to understand the 
pathophysiology of PI also reported cortical alterations in parts of the DMN (313). 
Since brain structure modifications and functional alterations have been reported 
in areas related to the TCN and to the DMN in PI patients, it might be possible 
that the interplay between top-down and bottom-up information is not completely 
efficient in PI due to altered connectivity within or between these networks. The 
cortical areas related to the TPN and the DMN are located in the frontal and 
parietal lobes. Therefore, if the interplay between top down and bottom up 
information is not completely efficient in PI, we should expect altered connectivity 
within or between frontal and parietal lobes in PI patients. Indeed, it has been 
reported disturbed frontosubcortical connectivity in both PI patients (89,315) 
and rat models of PI (316). Additionally, a recent study suggested that PI patients 
display an alteration in the functional connectivity between parietal and frontal 
lobes (317). Such altered functional connectivity within or between parietal and 
frontal lobes in PI may lead to problems in the interplay between top-down and 
bottom-up processing especially during challenging tasks, and may explain 
consistent performance decrements reported in PI in such tasks conditions. 
However, the investigations described above addressing altered connectivity 
within or between frontal and parietal lobes were conducted at rest, and such 
altered connectivity within or between frontal and parietal lobes in PI patients 
need to be investigated during task performance. 

Taken together, our behavioral and EEG results could support the 
hypothesis of difficulty in the control of the visual guidance of attention in PI. This 
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hypothesis would be in line with alteration in functional connectivity previously 
shown in the literature. However, future appropriate neuroimaging investigations 
using tasks known to induce a performance decrement in PI (such as a 
monotonous driving task or the ANT) are needed to confirm this hypothesis and 
elucidate its neural basis. 
 
How can driving impairment be predicted? 

Chapters 4 and 5 describe two studies that investigated the relationships between 
driving (SDLP) and the EEG power spectra (theta, alpha and beta) changes. These 
two studies were conducted in PI patients and after sleep deprivation, respectively. 
Our results from both studies did not show any relationship between driving and 
EEG measures.  

In Chapter 4 and 5, we expected to find a relationship between SDLP and 
EEG measures in both experimental situations based on two previous studies that 
found a link between background EEG and SDLP (109,231). However, our 
results are in agreement with other papers that failed to report any link between 
driving and EEG measures (232–235). As the SDLP changes that occurred over 
time and between conditions (insomnia vs normal sleepers or sleep deprivation vs 
normal sleep) were different from those occurring for the EEG measures, it would 
have been difficult to find any relationship between SDLP and background EEG. 
As an example, in Chapter 4, we found that the driving performance did not differ 
between normal sleepers and insomnia patients, while we found a significant 
difference between the two groups on the EEG indices. Also, in Chapter 5, the 
driving performance fluctuations across ToT were different from those on the 
EEG, particularly in the sleep deprivation conditions. The lack of correlation 
found between EEG and SDLP may also be due to the driving performance 
parameter commonly used in on-the-road driving studies (SDLP). Simulated 
driving studies that found significant correlation with EEG used other driving 
performance parameters (driving errors and accidents) (116,249). However, the 
quantification of such indices in on-the-road driving investigations is not suitable 
for safety reasons. A recent on-the-road study proposed using lapses of attention 
(defined as a continuous change in lateral position of greater than 100 cm, lasting 
for at least 8 seconds) as an outcome measure of driving performance in addition 
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to SDLP (318). As lapses of attention are related to sleepiness, future on-the-road 
driving investigations may be successful in finding significant relationships with 
background EEG. Taken together, results from the current thesis and those from 
previous studies lead to the conclusion that EEG may not be ideal for predicting 
on-the-road driving performance changes as measured with SDLP. However, 
other outcomes such as lapses of attention could be successfully used for this 
purpose in future on-the-road driving and EEG investigations. 

Other measures besides EEG have been proposed for predicting driving 
impairment such as the use of electrooculography (EOG) both in simulated and 
on-the-road driving investigations (65,319–321). However, these studies led to 
inconsistent results about correlations between EOG and driving performance 
indices. The simulated driving investigation of Sommer and Golz (320) revealed a 
linear dependence between percentage of eye closure and SDLP as well as 
subjective sleepiness (KSS). Similarly, the on-the-road driving study conducted at 
night by Hallvig and colleagues (319) revealed that long blink duration predicted 
lane departures. In contrast, the simulated driving study by Shin and colleagues 
(321) did not report any relationship between EOG and driving performance 
indices. Laboratory test batteries have also been proposed recently to predict 
changes in driving performance after alcohol intake, sleep deprivation (47,267) 
and after psychopharmacological drug intake (247,322). The greater impairments 
in performance in these experimental situations probably explain that they found a 
link between laboratory tests measures and driving measures, contrary to our 
studies where mild impairments were found. 
 
Future research 

Our results underlined a vigilance decrement and executive function deficits in PI 
patients. However, the implication of specific network connectivity alterations that 
may explain behavioral deficits in PI patients need to be further investigated. As 
stated in the introduction, neuroimaging investigations during task performance 
in PI patients are few and revealed mainly prefrontal modifications (72,77). 
Considering our results and those from neuroimaging studies, we proposed, 
among other measures, the ACC and the DMN as new targets for neuroimaging 
investigations during task performance. As tasks employed should lead to a 
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vigilance decrement in PI patients, the driving task seems a good candidate to be 
used in an MRI study. Such a study would help to further understand the 
neurocognitive basis of the daytime deficits of PI patients. In addition, the 
neurobehavioral basis of the conflict resolution deficit found in PI patients should 
be elucidated using the ANT in the scanner to investigate attentional network 
related BOLD activity in these patients. A better understanding of the 
neurobehavioral basis of PI should help to develop new treatments, preferably non 
pharmacologic, and to enhance daytime performance in these patients. 

We have found discrepant results between our simulated and on-the-road 
driving studies in PI patients. We proposed that the higher levels of sleepiness 
induced by the simulator compared to real driving partly explained these 
discrepant findings. Therefore, additional on-the-road and simulated driving 
studies with the same groups of participants (insomnia patients and good sleepers) 
are needed in order to explore differences between on-the-road and simulated 
driving in insomnia and thus determine the driving safety of these patients. We 
also assumed that old and young PI patients might not have the same daytime 
deficits in driving performance and that older PI patients might have developed 
adaptive behavior to confront their sleep disturbances in comparison with younger 
PI patients. However, as the neurobehavioral mechanisms that could lead to such 
adaptive behavior in older PI patients have not yet been investigated, it is advisable 
to conduct additional on-the-road driving investigations that will include both 
young and old participants. Although complementary investigations should be 
conducted, the present driving studies described in the current dissertation 
revealed that PI patients need to be informed about a possible risk of driving 
impairment in cases of highly monotonous driving conditions.  

As the driving impairments described in this dissertation have been found 
in untreated PI patients, and as most PI patients took hypnotics (323), the 
combination of PI and hypnotics intake is an important issue in traffic safety. Many 
studies have previously shown the impairing effects of hypnotics in healthy 
subjects on driving performance (180,324,325). Previous simulated and on-the-
road driving investigations showed that single and repeated bedtime 
administration of hypnotics impairs highway driving performance of PI patients 
the next morning (177,221). In contrast, the on-the-road highway driving 
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performance of PI patients that chronically or non-chronically use hypnotics was 
not impaired (221). In order to better understand the adverse or non adverse 
effects of hypnotics on driving performance in insomnia patients, it could be wise 
to elucidate the cortical mechanisms associated with chronic and non chronic use 
of hypnotics in PI patients in relationship to driving performance impairment 
using EEG. As an example, the use of EEG could underline tolerance mechanisms 
related to chronic use compared to non chronic use of hypnotics and help to 
explain how hypnotics can affect driving performance. To our knowledge, only 
Staner and colleagues (177) have investigated the EEG modifications during 
driving in PI patients that use hypnotics and showed EEG alterations associated 
with single and repeated administration of hypnotics. The authors thus suggested 
that next-day poor driving performance could be related to a prolonged central 
nervous system effect of hypnotics. Therefore, little is known about the effects of 
insomnia per se and in combination with treatment with hypnotics on EEG 
fluctuations during driving. Further concomitant driving and EEG investigations 
including both treated and untreated insomnia patients as well as good sleepers, 
are thus needed. This may help to better underline the long-term effectiveness of 
hypnotic treatment as well as their behavioral and cortical deleterious effects in 
insomnia patients.  

Alternatively, the effectiveness of non-pharmacologic treatments to 
improve driving performance in insomnia patients should be assessed, for example 
using Cognitive Behavioral Therapy (CBT). It consists mainly of cognitive 
restructuring techniques that question sleep paradigms about the lack of sleep and 
the daytime consequences. In addition, this method aims to reduce or prevent the 
person from paying excessive attention to sleep or from worrying about not falling 
asleep by encouraging the patient to intentionally stay awake or to give up all 
efforts to fall asleep. Although CBT has been shown to be effective for PI, some PI 
patients did not respond to this treatment (326–329) probably because of inter-
individual differences (e.g. related to insomnia subtypes, emotional and physical 
states) (299,329–333). Using CBT, it is expected that vigilance of PI patients will 
thus probably improve their driving performance. Such improvement should be 
evaluated both in the short- and long-term, e.g. immediately after CBT and one 
year later. 
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Conclusions 

The research described in this dissertation adressed the effects of PI and sleep 
deprivation on performance and EEG during both waking and sleep states. Even 
though we found discrepant results between simulated and on-the-road driving 
investigations, part of our results revealed a driving performance decrement in PI 
patients after sleep deprivation. In order to reveal any significant driving 
performance decrements in PI patients in real driving conditions, additional on-
the-road studies are needed with inclusion of young and old participants. As 
studies described in the current dissertation showed vigilance and conflict 
resolution deficits in PI, patients and clinicians should be informed about the 
deleterious impact of PI on daily life activities such as driving. EEG does not seem 
effective in predicting changes in on-the-road driving performance, and future 
studies should focus on other measures to do so. This dissertation opened the 
discussion on new working hypotheses to further investigate the pathophysiology 
of PI during both the day and night. Future research is needed to fill the gaps 
remaining in various aspects of the current research. 
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Summary-

Sleep disruption is increasingly becoming a major health problem with a number 
of direct and indirect burdens on our modern societies. It has been shown that 
sleep deprivation exerts a number of adverse effects on cognitive and driving 
performance as revealed by epidemiological and experimental investigations. 
While driving simulator investigations after sleep deprivation demonstrated a 
performance decrement, real driving investigations in conditions of sleep 
deprivation are scarce. Moreover, little is known about the EEG fluctuations 
across time for tasks carried out after sleep deprivation in on-the-road highway 
driving conditions. In contrast, with sleep deprivation, the link between primary 
insomnia and daytime performance decrements is still unclear, particularly related 
to monotonous driving. In addition, executive functioning has rarely been 
investigated in primary insomnia although these patients complain of difficulties 
related to this cognitive field. Discrepancy between previous studies raises the 
question of the sensitivity of the tests used to evaluate executive functioning in 
primary insomnia. Finally, the EEG modifications associated with primary 
insomnia during both daytime and nighttime need to be investigated further in 
order to better elucidate the pathophysiology of this sleep disorder. 

This dissertation aimed to identify the daytime performance deficits and 
EEG modifications associated with sleep deprivation and primary insomnia. In all 
the experimental studies described in this dissertation, we compared two groups. 
First, we compared the performances and the EEG fluctuations of primary 
insomnia patients compared to good sleepers. Second, we compared 
performances and EEG fluctuations in healthy participants after total sleep 
deprivation compared to a normal night of sleep. The first three chapters after the 
introduction focused on daytime performances and daytime EEG fluctuations in 
primary insomnia patients. The following chapter focused on the effects of sleep 
deprivation on daytime driving performances and EEG fluctuations compared to a 
normal night of sleep. The chapter preceding the discussion was dedicated to the 
spectral modifications of sleep associated with primary insomnia.  

Chapter 1 gave a brief overview of current knowledge about insomnia and 
sleep deprivation. We first presented epidemiological information related to costs 
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and prevalence of both insomnia and sleep deprivation. Then, we did a short 
review of the daytime deficits associated with insomnia and sleep deprivation. We 
also focused on the previous neuroimaging studies that investigated the 
pathophysiology of primary insomnia both during the wake state and during sleep. 
Finally, we described our methods and their usefulness in the context of this PhD.  

The aim of the study described in Chapter 2 was to to better characterize 
cognitive deficits of primary insomnia patients in order to further understand their 
cognitive complaints. We looked at attentional and executive function because of 
their high involvement in daily living tasks. For this purpose, twenty-one primary 
insomnia patients and sixteen good sleepers completed the Attentional Networks 
Test (ANT). We only included untreated primary insomnia patients since sleep 
medication could be a confounding factor when assessing cognition. While PI 
patients, as compared to good sleepers, were found to have a longer overall 
reaction time and to perform more slowly in the incongruent flankers condition 
(conflict situation) than in the congruent condition, main effects were not 
observed for the variables representing the three attentional networks (alerting, 
orienting, and executive function). The present study revealed a conflict 
resolution deficit in untreated primary insomnia patients. This impairment may be 
linked to the prefrontal alterations reported in neuroimaging studies in these 
patients. Patients also had impaired vigilance compared to good sleepers, likely 
due to the high cognitive load of the ANT. These results could serve to explain the 
complaints of primary insomnia patients about difficulties performing daily living 
tasks that are often cognitively demanding.  

In Chapter 3, we aimed to study the driving performance and the 
psychomotor vigilance of primary insomnia patients compared to good sleepers. 
After one night of polysomnography, twenty-one primary insomnia patients and 
sixteen good sleepers performed a 1-h simulated monotonous driving task and a 
psychomotor vigilance task (PVT). The driving performance was quantified using 
the SDLP. Self-ratings of sleepiness, mood and driving performance were 
completed. Results revealed a larger SDLP and more lane crossings in primary 
insomnia patients than in good sleepers. Analyses of effect of time on task on 
performance showed that the impairment in patients occurred after twenty 
minutes of driving, which was not the case for good sleepers. No difference 
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between groups was found for the PVT, neither for the mean reaction time (RT) 
nor the number of lapses and the mean slowest 10% 1/RT. Patients rated their 
sleepiness level higher and their alertness level lower than did good sleepers. The 
self-evaluation of the driving performance was not different between groups. 
These findings revealed that primary insomnia is associated with a performance 
decrement during a simulated monotonous driving task. We also showed that 
patients are able to drive safely only for a short time. In addition, insomnia patients 
did not seem aware of their performance decrement although they felt less alert 
and sleepier than good sleepers.  

In Chapter 4, we set out to quantify driving performance and EEG 
fluctuations across a real driving task in primary insomnia patients and in good 
sleepers. A second aim was to determine whether changes in spectral EEG 
measures are related to changes in driving performance in older insomnia patients. 
For this purpose, global and changes over time for driving performance (SDLP) 
and background EEG in alpha, theta and beta bands were measured in older, 
untreated insomnia patients and normal sleepers during a 1-hour on-the-road 
driving task. Overall SDLP did not differ between groups and increased over time 
to similar degrees in both groups. Alpha and beta power were generally lower in 
insomnia patients compared to normal sleepers. Alpha and beta power were 
slightly reduced during driving in normal sleepers, but remained at a constant low 
in insomnia patients. Changes in EEG power and SDLP were not related. It was 
concluded that on-the-road driving performance does not differ between older 
insomnia patients and older normal sleepers and that changes in spectral EEG 
measures of cortical arousal and in driving performance were not related. In 
addition, our EEG results may suggest troubles in adapting vigilance and attention 
levels across the monotonous real driving task in insomnia patients. 

In Chapter 5, the main objective was to assess whether sleepiness 
exacerbates Time on Task effects on both EEG and driving performance in real 
driving conditions. We also wanted to know which EEG fluctuations are 
detectable after sleep deprivation during on-the-road driving. For this purpose, 
twenty-four participants performed a one-hour monotonous on-the-road driving 
task both after a normal night of sleep and after one night of sleep deprivation. 
Continuous EEG was recorded during the on-the-road driving task. We measured 
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the SDLP as a measure of road tracking error and spectral power was obtained 
over three bilateral clusters (frontal, central, parieto-occipital) in the theta, alpha 
and beta bands. Both datasets were averaged every 10 minutes to evaluate Time on 
Task effects. Sixteen participants completed the driving task in both sleep 
conditions (completers). Seven drives were terminated prematurely after one night 
of sleep deprivation (non-completers). We found effects of sleep deprivation, 
Time on Task and their interaction, both for SDLP and theta and alpha EEG 
bands. SDLP and EEG indices increased after sleep deprivation and varied with 
Time on Task. The latter was more pronounced after sleep deprivation. Beta 
power spectra increased with Time on Task only. Compared to completers, the 
SDLP for non-completers tended to be higher. The beta power spectrum varied 
differently with Time on Task between groups in the Frontal cluster. Changes in 
SDLP and EEG did not correlate significantly. It was concluded that sleep 
deprivation exacerbates driving impairment and sleepiness as a function of Time 
on Task during on-the-road driving. Our results also suggested that participants 
who completed both driving sessions put more effort across the task compared to 
those who prematurely terminated the drives. 

The investigation described in Chapter 6 was dedicated to assessing the 
specific prefrontal activity in comparison to those in the other main cortical areas 
in primary insomnia patients and in good sleepers. For this purpose, participants 
completed a night of polysomnography. Fourteen primary insomnia patients and 
eleven good sleepers were included in the analysis after artefact rejection. Power 
spectra were calculated during NREM (Non rapid eye movements) and REM 
(Rapid eye movements) sleep at prefrontal, occipital, temporal and central 
electrode positions. We compared the EEG activity in the theta, alpha and beta 
bands of the prefrontal cortex compared to other cortical areas. During NREM 
sleep, the power spectra did not differ between groups in the prefrontal cortex, 
while primary insomnia patients exhibited a higher beta power spectrum and a 
lower delta power spectrum compared to good sleepers in other areas. During 
REM sleep, the beta1 power spectrum was lower in the prefrontal cortex in 
primary insomnia patients compared to good sleepers while no significant 
difference between groups was obtained for the other areas. The study described 
in this chapter showed a specific prefrontal sleep pattern during the whole sleep 
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period. In addition, we suggested that primary insomnia patients displayed a 
dysfunction in the reactivation of the limbic system during REM sleep and we 
provided additional arguments in favor of a sleep-protection mechanism displayed 
by primary insomnia patients. 

Finally, Chapter 7 discussed all studies from this dissertation and drew 
some general conclusions about the daytime performance associated with sleep 
deprivation and primary insomnia with a special focus on time on task effects 
during driving. In addition, new hypotheses were put forward about the 
pathophysiology of primary insomnia in light of the EEG and behavioral results 
described in the current dissertation. At the end, we discussed the topic of the 
prediction of driving performance changes using EEG and proposed other 
approaches to achieve this goal. Finally, future research questions were raised 
related to daytime driving performance in primary insomnia patients. Overall, this 
dissertation revealed that primary insomnia is associated with a vigilance 
decrement that could have adverse effects on monotonous driving under specific 
conditions. In addition, executive functioning seemed to be affected in a subtle 
way in primary insomnia. Future imaging investigations in this field are needed. In 
addition, the specific sleep pattern revealed in insomnia patients was further 
discussed. We also showed that sleep deprivation enhanced time on task effects on 
real driving performance which raises the question of this cumulative effect on 
traffic safety in everyday life. In summary, we demonstrated a better understanding 
of the adverse daytime consequences of primary insomnia and total sleep 
deprivation with a time on task aspect, and we furthered a new hypothesis about 
the pathophysiology of primary insomnia.  
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Résumé-

Les perturbations de la qualité et de la quantité du sommeil constituent un 
problème de santé publique croissant dans nos sociétés modernes avec des 
conséquences économiques importantes. Des études épidémiologiques et 
expérimentales ont montré que la privation de sommeil avait des effets délétères 
sur les performances cognitives et de conduite automobile. En particulier, des 
études en conduite simulée ont systématiquement révélé des détériorations de la 
performance de conduite. Contrairement aux études en conduite automobile 
simulée, les études sur les effets de la privation de sommeil dans un contexte de 
conduite réelle sont peu nombreuses. De plus, très peu d’informations sont 
disponibles quant aux effets de la privation de sommeil sur les fluctuations du 
signal EEG et de la performance au cours d’une tâche de conduite en condition 
réelle. Les performances diurnes des insomniaques primaires sont, en revanche, 
moins bien comprises particulièrement au regard de la conduite automobile. De 
plus, les performances dans le domaine des fonctions exécutives ont été très peu 
étudiées chez les insomniaques primaires bien que ces patients reportent 
fréquemment des difficultés en lien avec ce domaine cognitif. Les quelques études 
dans le domaine n’ont pas pu révéler de déficits exécutifs, ce qui peut soulever la 
question de la sensibilité des tests utilisés classiquement dans l’évaluation des 
fonctions exécutives. Enfin, l’étude des fluctuations du signal EEG, que ce soit au 
cours de tâches diurnes ou durant le sommeil, permettrait de mieux comprendre la 
pathophysiologie de l’insomnie et ses mécanismes.  

Cette thèse visait à mieux caractériser les déficits diurnes ainsi que les 
fluctuations du signal EEG dans l’insomnie primaire et en condition de privation 
de sommeil. Dans ce but, les études expérimentales décrites dans le cadre de ce 
travail ont comparé de façon systématique deux groupes de participants. D’une 
part, nous avons comparés les performances diurnes et les modifications du signal 
EEG de patients insomniaques par rapport à des bons dormeurs. D’autres parts,  
nous avons comparés les performances diurnes et les modifications du signal EEG 
chez des participants sains après privation totale de sommeil par rapport à une nuit 
normale de sommeil. Cinq chapitres experimentaux sont décrits dans cette 
dissertation. Dans les trois premiers chapitres expérimentaux de cette 
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dissertation, nous nous sommes intéressés aux effets de l’insomnie primaire sur 
les performances diurnes et sur les fluctuations du signal EEG lors de la conduite 
automobile. Dans le quatrième chapitre nous avons porté notre attention sur les 
effets d’une privation totale de sommeil sur les performances de conduite et sur les 
fluctuations du signal EEG en condition de conduite réelle. Enfin, le dernier 
chapitre expérimental de cette thèse est dédié à l’étude des modifications 
spectrales du signal EEG au cours du sommeil des insomniaques primaires. 

Le Chapitre 1 nous a permis de dresser un bref état des lieux de la 
littérature sur les thématiques de l’insomnie et de la privation de sommeil. Nous 
avons d’abord abordé les études épidémiologiques qui ont mis en avant la 
prévalence et les couts associés à l’insomnie et à la privation de sommeil. Nous 
avons ensuite fait une courte revue de littérature à propos des déficits  diurnes 
associés à l’insomnie et à la privation de sommeil. Nous avons également décrits 
les précédentes études qui se sont attachées à comprendre la pathophysiologie de 
l’insomnie primaire en utilisant la neuroimagerie tant durant la veille que durant le 
sommeil. Enfin, nous avons décrit les différents méthods et matériels employés 
dans cette thèse ainsi que leur utilité au regard des questions posées. 

L'objectif de l'étude décrite dans le Chapitre 2 était de caractériser les 
déficits cognitifs des patients souffrant d'insomnie primaire afin de mieux 
comprendre leurs plaintes cognitives. Nous avons examiné les fonctions 
attentionnelles et exécutives en raison de leur forte implication dans les tâches de 
la vie quotidienne. À cet effet, vingt et un patients insomniaques primaires et seize 
bons dormeurs ont effectué une tâche attentionnelle (Attentional Networks Test - 
ANT). Seuls  des patients non traités ont été inclus puisque la consommation de 
somnifères peut être un facteur confondant lors de l'évaluation cognitive. Les 
patients insomniaques étaient plus lents à réagir que les bons dormeurs en cas de 
situations de conflit (cibles non congruentes). Le temps de réaction global au test 
d’ANT était également plus long chez les patients par rapport aux bons dormeurs. 
En revanche, aucune différence entre les groupes n'a été observée pour chacun 
des trois réseaux attentionnels évalués par l’ANT (l’alerte, l'orientation, et les 
fonctions exécutives). Notre étude a donc permis de révéler un problème de 
résolution de conflit chez les patients insomniaques non traités. Cette difficulté en 
cas de situation de conflit pourrait être liée à des modifications préfrontales 
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rapportées dans les études de neuro-imagerie. Les patients avaient également un 
déficit de vigilance par rapport aux bons dormeurs, probablement en raison de la 
forte charge cognitive de l'ANT. Ces résultats permettent de mettre en lumière les 
déficits cognitifs dont se plaignent les patients insomniaques, notamment en 
rapport avec des difficultés à accomplir des tâches à la vie quotidienne qui sont 
souvent exigeantes en terme cognitif (ex : planification). 

Dans le Chapitre 3, nous nous sommes attachés à étudier la performance 
de conduite et le niveau de vigilance de patients souffrant d'insomnie primaire par 
rapport à des bons dormeurs. Après une nuit d’enregistrement du sommeil, vingt 
et un patients insomniaques et seize bons dormeurs ont effectué une tâche de 
conduite monotone simulée pendant une heure et une tâche évaluant le niveau de 
vigilance (Psychomotor Vigilance Test - PVT). La performance de conduite a été 
quantifiée par l’écart type de la position latérale (Standard deviation of Lateral 
Position - SDLP). Les participants ont également rempli des questionnaires 
d’auto-évaluation de la somnolence, de l'humeur, et des performances de 
conduite. Les résultats ont révélé que l’écart type de la position latérale est plus 
important et que les sorties de route sont plus nombreuses chez les patients 
insomniaques que chez les bons dormeurs. L’analyse des effets temporels sur la 
performance de conduite a montré que la détérioration de la performance de 
conduite chez les insomniaques se produisait vingt minutes après le début de la 
tâche ce qui n’était pas le cas pour les bons dormeurs. Aucune différence entre les 
groupes n’a été montrée pour le PVT. Les patients ont évalué leur niveau de 
somnolence supérieur et leur niveau de vigilance inférieur à celui des bons 
dormeurs. L'auto-évaluation de la performance de conduite n’a pas montré de 
différence entre les groupes. Cette étude a donc mis en évidence une détérioration 
de la performance de conduite simulée chez des insomniaques primaires. En 
particulier, les patients semblent en mesure de conduire en toute sécurité 
seulement pendant un court laps de temps avant que leur performance ne se 
dégrade. En outre, les patients insomniaques ne semblent pas conscients de la 
détérioration de leur performance de conduite malgré le fait qu’ils se soient 
décrits comme moins alertes et plus somnolents que les bons dormeurs. 

Le Chapitre 4 était dédié à l’étude des fluctuations de la performance de 
conduite et du signal EEG au cours d’une tâche de conduite réelle chez des 
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patients insomniaques par rapport à des bons dormeurs. Nous voulions également 
savoir si les fluctuations du signal EEG et de la performance de conduite étaient 
liées chez les insomniaques. A cet effet, nous avons quantifié les modifications 
globales au cours du temps, de la performance de conduite (mesurée par l’écart 
type de la position latérale - SDLP) et du signal EEG dans les bandes de fréquence 
alpha, thêta et bêta lors d’une tâche de conduite réelle d’une durée d’une heure 
chez des patients insomniaques et chez des bons dormeurs âgés de plus de 55 ans. 
Globalement, l’écart type de la position latérale ne différait pas entre les groupes 
et augmentait au cours du temps de façon similaire dans les deux groupes. La 
puissance spectrale dans les bandes de fréquence alpha et bêta était globalement 
plus faible chez les patients par rapport aux bons dormeurs. Au cours du temps, la 
puissance spectrale dans ces deux bandes de fréquences diminuait légèrement 
chez les bons dormeurs alors qu’elle était relativement constante chez les patients 
insomniaques. Nous n’avons pas démontré de relation entre les variations du 
signal EEG et les variations de la performance de conduite. Nous avons conclu que 
les performances de conduite en condition réelle ne différaient pas entre les 
patients insomniaques et les bons dormeurs. Et que les fluctuations de la 
performance de conduite n’étaient pas liées à celles du signal EEG. Nos résultats 
EEG peuvent également suggérer une difficulté de recrutement des ressources 
cognitives nécessaires à la réalisation de la tâche de conduite chez les patients 
souffrant d’insomnie primaire.  

Dans le Chapitre 5, l'objectif principal était d'évaluer si la privation de 
sommeil aggravait les effets délétères de la durée de la tâche (effets Time on Task) 
à la fois sur le signal EEG et sur les performances de conduite en condition de 
conduite réelle. Un deuxième objectif était de savoir quelles étaient les 
modifications du signal EEG détectables après une nuit de privation de sommeil 
lors de la conduite automobile en condition réelle. A cet effet, vingt-quatre 
participants ont effectué une tâche de conduite réelle d'une heure après une nuit 
normale de sommeil et après une nuit de privation de sommeil. Le signal EEG a 
été enregistré en continue durant la tâche de conduite. Nous avons mesuré l’écart 
type de la position latérale (SDLP) comme mesure de la performance de conduite 
et nous avons quantifié la puissance spectrale dans les bandes de fréquences thêta, 
alpha et beta au niveau de trois zones corticales bilatérales (frontale, centrale, 
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pariéto-occipitale). Pour l’ensemble des données, la moyenne du signal a été 
obtenue toutes les 10 minutes afin de quantifier l’effet de la durée de la tâche 
(Time on Task). Seize participants ont terminé la tâche de conduite dans les deux 
conditions (avec ou sans privation de sommeil) ; en revanche, les sept autres n’ont 
pas pu terminer la tâche de conduite lors de la condition de privation de sommeil. 
Nos résultats ont montré un effet de la privation de sommeil, un effet de la durée 
de la tâche ainsi qu’une interaction entre les deux aussi bien sur l’écart type de la 
position latérale que sur les puissances spectrales EEG dans les bandes thêta et 
alpha. Les effets temporels sur la performance de conduite et sur le signal EEG 
étaient plus prononcés après privation de sommeil par rapport à la condition 
contrôle. La puissance spectrale dans la bande beta était augmentée au cours de la 
tâche de conduite mais aucun effet significatif de la privation de sommeil n’a été 
trouvé. En comparaison aux participants qui ont terminé la tâche de conduite dans 
les deux conditions, ceux qui n’ont pas terminé la tâche en condition de privation 
de sommeil avaient un écart type de la position latérale plus élevé. La puissance 
spectrale dans la bande de fréquence beta au niveau frontal variait différemment au 
cours du temps entre les deux groupes. Les modifications de la performance de 
conduite et du signal EEG n’étaient pas corrélées de manière significative. Nous 
avons conclu que la somnolence induite par la privation de sommeil aggravait les 
effets de la durée de la tâche lors de la conduite réelle. Nos résultats suggèrent 
également que les participants qui ont terminé les deux sessions de conduite (avec 
ou sans privation de sommeil) ont probablement mis plus d’effort dans la 
réalisation de la tâche que ceux qui ont terminé la tâche de conduite 
prématurément en condition de privation de sommeil.  

L’étude décrite dans le Chapitre 6 a été consacrée à la quantification de 
l'activité corticale au niveau du cortex préfrontal et au niveau des autres 
principales aires corticales chez des patients insomniaques primaires et chez des 
bons dormeurs. Dans ce but, les participants ont effectué une nuit 
d’enregistrement du sommeil et, à la suite du rejet d’artefacts, quatorze patients et 
onze bons dormeurs ont été inclus dans l'analyse spectrale du sommeil. Les 
puissances spectrales ont été obtenues pendant le sommeil lent profond (non-
rapid eye movements – NREM) et le sommeil paradoxal (rapid eye movements – 
REM) au niveau des électrodes préfrontales, occipitales, temporales et centrales. 
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Nous avons comparé la puissance spectrale dans les bandes de fréquences thêta, 
alpha et bêta au niveau du cortex préfrontal par rapport aux autres zones 
corticales. Pendant le sommeil lent profond, la puissance spectrale ne différait pas 
entre les groupes au niveau du cortex préfrontal. En revanche, par rapport aux 
bons dormeurs, les patients insomniaques avaient une puissance spectrale plus 
élevée dans la bande de fréquence bêta et une puissance spectrale moins élevée 
dans la bande de fréquence delta au niveau des autres aires corticales. Pendant le 
sommeil paradoxal, la puissance spectrale dans la bande de fréquence beta était 
plus faible chez les patients insomniaques par rapport aux bons dormeurs au 
niveau du cortex préfrontal. En revanche, aucune différence significative entre les 
groupes n’a été trouvée pour les autres aires corticales durant le sommeil 
paradoxal. Nos résultats montrent donc un profil d’activité corticale spécifique au 
niveau du cortex préfrontal chez les patients insomniaques par rapport aux bons 
dormeurs pendant toute la durée du sommeil. En outre, nos résultats suggèrent 
que les patients insomniaques pourraient avoir un dysfonctionnement dans la 
réactivation du système limbique pendant le sommeil paradoxal. Nos résultats 
donnent également des arguments supplémentaires en faveur d'une intégrité des 
mécanismes de protection du sommeil chez les patients insomniaques primaires.   

Enfin, dans le Chapitre 7, nous avons discuté l’ensemble des études 
expérimentales de cette dissertation afin d’en tirer des conclusions générales sur 
les effets de la privation de sommeil et de l’insomnie primaire sur les performances 
diurnes et sur les fluctuations du signal EEG. Nous nous sommes particulièrement 
intéressés aux effets de la durée de la tâche. De plus, de nouvelles hypothèses ont 
été proposées en lien avec la pathophysiologie de l'insomnie primaire en tenant 
compte des résultats comportementaux et des résultats EEG. Nous avons 
également abordé la thématique de la prédiction des modifications de la 
performance de conduite en utilisant le signal EEG et proposé d'autres approches 
à cet effet. Enfin, nos résultats ont ouvert la voie pour de nouvelles hypothèses et 
de nouvelles expérimentations notamment en lien avec l’étude des bases neurales 
des déficits diurnes chez les patients insomniaques. De façon générale, cette thèse 
a permis de montrer que l'insomnie primaire est associée à une diminution de la 
vigilance ce qui pourrait avoir des effets néfastes sur les performances de conduite 
automobile notamment en condition de conduite monotone. En outre, les 
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insomniaques primaires semblent souffrir d’un disfonctionnement du contrôle 
exécutif et de futures recherches en imagerie dans ce domaine sont nécessaires 
pour aller plus loin dans la compréhension de ces déficits. Des modifications 
particulières au niveau du cortex préfrontal lors du sommeil ont également été 
mises en lumière chez les insomniaques primaires. Au regard des effets de la 
privation de sommeil, nous avons montré que la somnolence qu’elle induit aggrave 
les effets de la durée de la tâche tant sur la performance de conduite que sur le 
signal EEG ce qui soulève la question de cet effet cumulatif dans la vie quotidienne 
et notamment en terme de sécurité routière. En somme, ce travail apporte des 
précisions nécessaires à la compréhension des conséquences néfastes de 
l'insomnie primaire et de la privation de sommeil totale et nos résultats ont permis 
d’élaborer de nouvelles perspectives de recherche dans le domaine de l’insomnie 
primaire. 
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Valorization addendum 

This addendum addresses the relevance and the impact of the results described in 
the current dissertation entitled “Performance and EEG measures in primary 
insomnia patients and during sleep deprivation in healthy volunteers”. For this 
purpose, five topics are developed in relation to the social and economic 
relevance of our results, the target groups for whom our results are relevant, the 
activities and products that can derive from the work described in the current 
dissertation, the innovative aspect of our research, and finally, how ideas 
resulting from our work have been and will be implemented. 

Social and economic relevance 

Sleep disruption has become a major problem in Western society [1,2]. Among 
the different types of sleep disruption, we have considered sleep deprivation and 
chronic insomnia in the current dissertation. The latter is one of the most 
prevalent current health concerns [3,4]. Between 10 and 15% of adults in the 
general population are reported to have complaints of insomnia associated with 
complaints of daytime fatigue and cognitive impairments [5–7]. Insomnia is 
defined as a complaint of non-restorative and/or insufficient sleep associated with 
complaints of daytime consequences without comorbidities.  

Both insomnia and sleep deprivation can lead to a range of adverse 
consequences on daytime performance, health, and productivity [8–14] that place 
a heavy economic burden on our society [14–17]. It has been estimated that, in 
the United States, insomnia was associated with 7.2% of all costly workplace 
accidents and errors [18], and the Sleep Health Foundation evaluated the indirect 
costs of sleep loss at 1.5 billion dollars in 2011 [14]. Cognitive and psychomotor 
dysfunction may hamper day-to-day operations such as driving a car. Indeed, 
insomnia has been indicated as an additional risk factor for traffic accidents [19–
21]. Epidemiological studies have also shown that sleep deprivation leads to 
increased sleepiness and increased risk of traffic accidents [22–25]. Furthermore, 
crash risk following sleep deprivation seems most pronounced during extended 
driving periods when loss of vigilance is highest [26–28].  
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Daytime performance of insomnia patients is described in Chapters 2, 3, 
and 4. The current thesis explored for the first time the driving performance of 
untreated primary insomnia patients during simulated and on-the-road driving. 
We have shown that insomnia patients, even without being treated for their sleep 
problems, could have a driving impairment in monotonous situations in simulated 
driving. In contrast, on-the-road driving investigation revealed that older insomnia 
patients are fit to drive on the highway, meaning that it is not a simple problem. In 
fact, compensation mechanisms can occur in older insomnia patients or the 
occurrence of frequent stimuli (as is the case in real highway driving compared to 
simulated monotonous driving) can preserve insomnia patients from driving 
impairments. In addition, our results showed that insomnia patients have a 
vigilance decrement that seems more prominent than in good sleepers during 
monotonous driving and difficulties in conflict resolution. Conflict resolution is 
part of the executive control process that includes a large range of abilities such as 
initiating, planning, setting goals, and resolving conflicts that are consistently 
useful in day-to-day life. Because we (and previous research) have shown that 
insomnia patients have difficulties in complex cognitive and monotonous driving 
tasks, these results are in line with complaints of daytime fatigue and cognitive 
impairments that are often expressed by insomnia patients in daily life activities 
such as those done at work and/or in their personal life. Daytime difficulties may 
also be related to economic issues. Firstly, by being less efficient at work and by 
having more absenteeism than people with good sleep, insomnia patients’ sleep 
problems contribute to costs. Secondly, if insomnia patients are more likely to 
have driving accidents than good sleepers, related health care costs must also be 
higher.  

Beside these daytime deficits, the sleep spectral investigation in insomnia 
patients described in Chapter 6 revealed a specific cortical activity pattern in the 
prefrontal cortex compared to other cortical areas (i.e. parietal, occipital, and 
central). As the prefrontal cortex mediates sleep physiology as well as high-order 
cognitive abilities, it may thus be a target for sleep and cognitive performance 
enhancement using electrical stimulation, as described in recent studies [29–32].  
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We also investigated the effects of sleep deprivation over time on real 
monotonous driving performance and cortical activity as assessed by 
electroencephalography (EEG) during driving. Laboratory investigations have 
shown that sleep deprivation exacerbates time-on-task effects (performance 
decrement over time). Results described in Chapter 5 revealed that the interaction 
between sleep deprivation and duration of driving is present in real conditions as 
well. In addition, sleep EEG results revealed that, in particular, the theta EEG 
power, which is related to sleepiness, was increased both after sleep deprivation 
and by duration of driving. The deleterious effects induced by the duration of 
driving were exacerbated by sleep deprivation compared to the normal sleep 
condition. During on-the-road driving, after sleep deprivation, the time-on-task 
effects found in both driving performance and cortical activity differ slightly from 
those found in simulated driving setting. Our results did not reveal any significant 
correlation between EEG and driving performance measures, similar to previous 
driving and EEG investigations. It appears therefore that EEG is not the ideal 
physiological measure for predicting driving performance.  

Target groups 

The results described in this dissertation are relevant to many groups including 
the academic community, insomnia patients, clinicians, governments, and 
companies. 

Clinicians, and by extension governments, should be aware that, even if 
the daytime deficits of insomnia patients are difficult to describe using classic 
neuropsychological tests, these patients do have daytime difficulties as revealed in 
part by results from Chapters 2, 3, and 4, and insomnia patients’ complaints need 
to be heard. Therefore, sleep clinicians and general practitioners are directly 
concerned by results described in this dissertation. Consequently, if the current 
results are taken into account in creating more comprehensive care in the 
management of insomnia patients’ daytime and sleep problems, these patients will 
benefit from our results. In addition, the results described in this dissertation are 
relevant for governments, especially in the field of prevention because it gives 
scientific support to epidemiological reports about both the interaction of sleep 
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deprivation and duration of driving. Complaints of driving difficulties in insomnia 
patients are also supported.  

Ultimately, our results may help companies develop devices dedicated to the 
prevention of vigilance decrement during driving, both after sleep deprivation and 
in insomnia patients.  

Activities and products 

As a first step, our results on daytime difficulties in insomnia patients may help 
clinicians in the management of the cognitive difficulties of insomnia patients. 
Cognitive therapies in particular should focus on executive control and memory, 
which are the cognitive domains most affected in insomnia based on our report 
and those of previous studies. 

The prevention of driving sleepy is still in development, and our results 
open new opportunities for preventing traffic accidents related to sleepiness. The 
results described in Chapter 5 together with results from previous driving studies 
suggest that results from simulator driving studies, especially EEG measurements, 
may not be completely representative of the sleepiness state of the driver. 
Therefore, results from simulator driving studies should not be used as a basis for 
preventing sleepy-based traffic accidents. By having better knowledge about the 
effects of sleep deprivation on actual driving particularly throughout the driving 
task and not an overall view, companies will be able to improve drowsy driver 
detection systems. Because our study in Chapter 5 and previous driving and EEG 
investigations led to inconsistent results about a clear relationship between EEG 
and driving measures, it seems that EEG is not the ideal physiological measure to 
predict driving performance. Thus, new combinations of physiological measures 
obtained on-board and able to predict driving impairment are needed. This could 
be done by forming collaborative relationship between companies and researchers 
who can interact and exchange their knowledge. This is a good opportunity to 
increase contribution of public research to private companies. Such development 
will lead to the creation of new systems that will involve researchers and start-ups 
as well as international automobile companies and will thus lead to patents. The 
development of high order statistical models to prevent hypo-vigilance will also 



Valorization addendum$ 193$
!

!

involve statisticians who are accustomed to working with private companies. 
Therefore, various fields of research will contribute and interact to develop on-
board systems for preventing sleepiness and hypo-vigilance.  

Electrical stimulation to improve cognitive performance is becoming 
increasingly popular among researchers and companies. Based on tDCS research 
experiment results, companies have recently developed devices that apply small 
electrical currents directly onto the scalp, in order to stimulate neurons. This 
method has been shown to improve attention and cognitive abilities. Based on this 
knowledge, it is tempting to think about using these devices in insomnia patients 
or after sleep deprivation. One may imagine that we could use tDCS to reverse the 
deleterious effects of insomnia or sleep deprivation on daytime performance by 
using electrical stimulation over the prefrontal cortex, for example. However, 
although this method has been said to be non-invasive, this is not necessarily the 
case if non-experienced persons perform the stimulation. Indeed, in order to use 
tDCS properly, it is important to know how long to stimulate, at what time to 
stimulate, and what intensity to use. Unfortunately, this knowledge is only 
available to clinicians or researchers in the field who have already had experience 
with tDCS. Consequently, one can imagine that tDCS could be used to improve 
daytime cognitive performance in insomnia or after sleep deprivation, but such 
electrical stimulation needs to be done by clinicians from the field and cannot be 
done by the patient himself.  

Innovation 

The research described in this dissertation is innovative in various aspects. Firstly, 
to our knowledge, this is the first time that EEG measures and on-the-road driving 
performance have been investigated together in insomnia patients and after total 
sleep deprivation in comparison to a normal night of sleep in healthy volunteers. 
Such experiments give new insights into the physiological basis of driving when 
sleepy and of daytime deficits of insomnia patients, and may help to improve 
driving safety. Driving experiments have high ecological validity that is particularly 
true for on-the-road driving. Conducting on-the-road driving studies is a scientific 
and technical challenge that has been possible only because of the expertise of the 
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Department of Neuropsychology and Psychopharmacology (Maastricht, The 
Netherlands) in this field of research.  

Secondly, studying the driving performance of both healthy volunteers 
after sleep deprivation and insomnia patients in the same thesis is also innovative. 
Although surprising, most insomnia patients are not sleepy and have a reasonable 
amount of sleep. Therefore, sleep deprivation study results should not be 
extended to insomnia patients. The behavioral and EEG results described in this 
dissertation are in line with this assertion because we showed that driving 
performance particular as well as EEG measures over time differ between 
insomnia patients and healthy sleep deprived in participants. 

Besides these general methodological aspects, the special feature of the 
statistical investigations of our results helped to highlight for the first time sleep 
and daytime characteristics of insomnia patients and healthy volunteers that were 
sleep deprived. In particular, in Chapter 6, we chose to consider all cortical areas 
while investigating sleep spectral analysis. This allowed us to find specific cortical 
activity patterns in insomnia patients that have not been highlighted before. In 
Chapters 3, 4, and 5, instead of considering driving performance and EEG 
measures in a global way, we investigated their fluctuations over time that yielded 
more in-depth results about driving performance deficits and cortical fluctuations 
over the driving task.  

Timeline and implementation 

As a first step, our results have already been presented at various national and 
international scientific and clinical conferences. In addition, the papers described 
in this dissertation have been published or are in revision in scientific journals that 
target both scientific and clinical areas of interest. Moreover, dissemination of 
information about our study in public journals (Inserm, Science et Santé, March 
2015) and in scientific editorials [33,34] has been achieved.  

In the long-term, we hope that our findings will be used to pursue efforts 
in the education of the general public about the risks of drowsiness on the road. 
Until now, less attention has been given to insomnia patients on the road than 
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sleep deprivation or drug use. The present results underline the fact that driving 
safety and accident prevention should be extended to patients with sleep 
disorders, particularly insomnia patients. Therefore, it would be wise to include 
insomnia in prevention campaigns for public education on driving risks. This also 
raises the question of whether or not insomnia patients are indeed dangerous on 
the road, and public debates should be organized on this topic, during French 
Sleep Day or French Science Day for example. One can also imagine that, as in the 
case of drunk-driving, an insomnia-driving association could be created in order to 
encourage research and development and dissemination of information about 
insomnia and driving. Previous campaigns of prevention have focused on 
sleepy/drowsy driving. However, insomnia patients are qualified as 
“hyperaroused” and thus not really sleepy. Even if the question remains to be 
elucidate regarding the neural correlates of driving impairment in insomnia, our 
results emphasize the fact that not only being sleepy can be dangerous on the road. 

Cognitive therapies in insomnia patients should focus specifically on 
executive control and memory, which are the cognitive domains most affected in 
insomnia based on our report and those of previous studies. More generally, sleep 
centers may receive additional interest and provide the opportunity for their sleep 
physicians to spend more time on insomnia patients, as in the case for OSAS for 
example. Additional effort needs to be put into finding resources (financial and 
human) in order to better support insomnia patients and develop the use of non-
pharmacological treatment to improve sleep and performance of daily activities. In 
France, consultations for insomnia patients are currently considered to be too 
time consuming and thus not cost-effective for hospitals, so less attention is given 
to insomnia compared to other sleep disorders which are easier to manage. Our 
governments should consider the long-term consequences and understand that, 
although not immediately profitable, the long-term benefits of better patient 
management and lessening of economic burden will outweigh the benefits of 
short-term solutions. Insomnia is not untreatable, and these patients should be 
shown more consideration.  
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