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Abstract

Recent dose-response sleep restriction studies, in which nightly sleep is curtailed to varying

degrees (e.g., 3-, 5-, 7-hours), have found cumulative, dose-dependent changes in sleepiness,

mood, and reaction time. However, brain activity has typically not been measured, and attention-

based tests employed tend to be simple (e.g., reaction time). One task addressing the behavioural

and electrophysiological aspects of a specific attention mechanism is the Attentional Blink (AB),

which shows that the report accuracy of a second target (T2) is impaired when it is presented

soon after a first target (Tl). The aim of the present study was to examine behavioural and

electrophysiological responses to the AB task to elucidate how sleep restriction impacts

attentional capacity. Thirty-six yoimg-adults spent four consecutive days and nights in a sleep

laboratory where sleep, food, and activity were controlled. Nightly sleep began with a baseline

sleep (8 hours), followed by two nights of sleep restriction (3, 5 or 8 hours of sleep), and a

recovery sleep (8 hours). An AB task was administered each day at 1 lam. Results fi-om a basic

battery of tests (e.g., sleepiness, mood, reaction time) confirmed the effectiveness of the sleep

restriction manipulation. In terms of the AB, baseline performance was typical (i.e., T2 accuracy

impaired when presented soon after Tl); however, no changes in any AB behavioural measures

were observed following sleep restriction for the 3- or 5-hour groups. The only statistically

significant electrophysiological result was a decrease in P300 amplitude (for Tl) fi-om baseline

to the second sleep restriction night for the 3-hour group. Therefore, following a brief, two night

sleep restriction paradigm, brain fimctioning was impaired for the Tl of the AB in the absence of

behavioural deficit. Study limitations and future directions are discussed.
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Introduction

Current research in the area of sleep deprivation and human performance focuses

on the effects of varying levels of sleep loss on behavioural performance (e.g., Van

Dongen, Maislin, Mullington, & Dinges, 2003; Belenky et al., 2003), brain functioning

(e.g., Drummond et al., 2005), and the factors that moderate these effects (e.g., Mu et al.,

2005; Van Dongen, Baynard, Maislin, & Dinges, 2004). Research on sleep loss is driven

by an interest in understanding the functions of sleep and the central nervous system, as

well as an applied interest in optimizing human performance, safety, and well-being. In a

society of extended work schedules, caffeinated beverages, and electronically-mediated

communication, sleep is often sacrificed. The chronic loss of sleep has been linked to

traffic accidents, immune and endocrine system problems, and increased stress

(Carskadon, 2004). The study of the consequences of sleep curtailment is an emerging

area in the behavioural neuroscience field. The aim of the present study was to examine

the effects of sleep restriction on day-time behavioural performance and brain activity.

Two types of experimental manipulations have typically been used to induce

sleep loss: sleep restriction and total sleep deprivation. In sleep restriction, nightly time in

bed is controlled (e.g., 7, 5 or 3 hours), whereas total sleep deprivation involves the

complete withdrawal of sleep for a given period of time (e.g., 24, 48 hours). Similar to

studies of total sleep deprivation, sleep restriction research has fovind consistent

cumulative increases in sleepiness, increases in negative mood, and deficits in speed-

based behavioural tasks (e.g., Dinges et al., 1997). Furthermore, these deficits vary in

magnitude as a function of the magnitude of sleep loss (i.e., dose-dependent; Van Dongen

et al., 2003; Belenky et al., 2003). In addition, several studies show that total sleep
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deprivation leads to impairment on tasks related to frontal lobe processing (Jones &

Harrison, 2001), and results in specific patterns of brain activation (or deactivation)

depending on the task given (Drummond et al., 1999; Drummond et al., 2000;

Drummond, Gillian & Brown, 2001; Drummond & Brown, 2001; Drummond et al.,

2005; Mu et al., 2005; Chee & Choo, 2004; Choo et al., 2005). However, the assessment

of brain activity using electrophysiological techniques such as ElectroEncephaloGraphy

(EEG) and Event-Related Potentials (ERPs) has been neglected in the sleep restriction

literature (i.e., investigations are mostly behavioural).

The present study examined attention-based behavioural tasks and monitored

EEG to explore how different levels of continuous sleep restriction impact performance

and the brain's physiological responses. Measures ofmood, sleepiness, and reaction time

were employed in this study, but the Attentional Blink task was the primary focus. The

Attentional Blink task uses a two-target methodology, which illustrates that the detection

of a second target is impau-ed when presented soon after a first target (Raymond, Shapiro,

& Amell, 1992). This task has been successfully used to determine the behavioural limits

and electrophysiological patterns ofwaking attention when people are forced to attend to

two targets; however, there is no published research examining how sleep loss affects

such limits of attention. Given that the Attentional Blink task is a well-established

measure of attention, in the present study it was used to explore changes to attention

functioning that may result from sleep restriction.

Human Sleep — •

Sleep has been defined as "a reversible behavioral state of perceptual

disengagement from and imresponsiveness to the environment" (Carskadon & Dement,



< \'L v-'" :',

,

.,;' >

«. V -r --.-•^tj

JXr ^'::i\

-ic
-'-'";)



3

2005, p. 13). Rechtschaffen and Kales (1968) classified the sleep and wakefulness of

healthy young adults into several stages on the basis of three measures: 1) EEG activity

recorded from central brain regions, 2) Electromyography (EMG) activity recorded from

muscles under the chin, and 3) Electrooculography (EOG) activity recorded from the

outer canthus bone. The waking state includes low-amplitude, mixed frequency EEG,

with EMG activity depicting movement, and EOG activity reflecting scanning of the

environment when eyes are open. Stage 1, typically only seen at sleep onset or following

major arousals, is characterized by low amplitude brain waves, the presence of vertex

sharp waves, and slow rolling eye movements. Researchers commonly view stage 1 as a

transition stage and consider stage 2 to be the true point of sleep onset (e.g.. Cote, de

Lugt, & Campbell, 2002). Stages 2, 3, and 4 are all marked by spindles (12-14 Hz), K-

complexes, and delta activity in EEG. EOG and EMG are not used for identification of

these stages. These stages differ in the amount of delta activity present in a 30-second

epoch: stage 2, 3 and 4 have < 20%, 20-50% and >50% delta activity, respectively.

Collectively, stages 1 - 4 are referred to as Non-Rapid Eye Movement (NREM) sleep,

while stages 3 and 4 are referred to as Slow Wave Sleep (SWS). On the other hand.

Rapid Eye Movement (REM) sleep is defined by low EMG activity and mixed frequency

EEG-like wakefulness, except for the presence of "sawtooth" brain waves and phasic

bursts of binocular eye movement.

The two-process model of sleep-wake regulation (Borbely, 1982) outlines how

propensity to sleep changes throughout the day, explains the increased drive or pressure

to sleep as the hours of wake are extended, and predicts the amount of SWS or delta
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activity in sleep. As summarized by Dinges, Rogers, and Baynard (2005), the model

theorizes two main components to regulate sleep:

(1) a homeostatic process [i.e.. Process S] that builds up exponentially during

wakefulness and declines exponentially during sleep (as measured by slow wave

energy or delta power in the non-REM sleep EEG), and (2) a circadian process

[i.e., Process C], with near-24-hour periodicity, (pp. 69)

After entry into stage 1 , sleep follows a typical 90-minute cycle that repeats about 5 times

and consists ofNREM sleep followed by REM sleep. However, as explained by Process

S, the percentage of time spent in each stage varies across cycles: more SWS takes place

in the fu-st half of sleep, while more REM sleep takes place in the second half of sleep.

Overall, the percentage of time spent in each sleep stage for healthy, young adults is as

follows (Carskadon & Dement, 2005): stage 1 (2-5%), stage 2 (45-55%), stage 3 (3-8%),

stage 4 (10-15%) and REM sleep (20-25%). With regards to sleep loss, the characteristics

of 'recovery' sleep, followdng a period of sleep loss, change as predicted by the two-

process model of sleep-wake regulation (Borbely, 1982): recovery sleep contains more

SWS sleep (Blake & Gerard, 1937; Blake, Gerard, 8c Kleitman, 1939).

Characteristics ofhuman sleep change developmentally (Carskadon & Dement,

2005). Newborns sleep for 16 to 18 hours a day (Roffwarg, Muzio, & Dement, 1966),

50% of which is REM sleep; however, after the age of 4-5, REM sleep drops to 20% and

remains at that level for the remainder of life (Hobson, 1995). Young adults sleep 7.5 - 8

hours on average, although there are considerable individual differences (Carskadon &

Dement, 2005). Older adults sleep less than their younger counterparts (e.g., 6.5 hours on

average) and have fragmented sleep, little SWS, and more sleep disorders (Hobson,

1995).





Total Sleep Deprivation

Early Studies. Early studies used total sleep deprivation methods to examine

deficits following sleep loss because of an interest in the fiinctions of sleep. In the first

study ofhuman total sleep deprivation, Patrick and Gilbert (1896) applied a 90-hour total

sleep deprivation condition to three participants and found deficits in day time

performance in several physiological (e.g., motor speed, sensory acuity, body

temperature) and psychological areas (e.g., reaction time, memorization). However,

Robinson and Herrmann (1922) performed a similar study on three participants'

performance after 65 hours of total sleep deprivation and found null results for mental

arithmetic, accuracy of aiming, and ability to name letters. At the time of these studies,

small sample sizes and high between-subject variability made it difficult for researchers

to confirm claims of deficits following sleep loss. Nathanial Kleitman established the

empirical foundation for sleep deprivation in a series of studies in the 1920s and 30s,

which were summarized in his book Sleep and Wakefulness first published in 1939 and

again in 1963. Kleitman described several instances where null results were attained by

research groups, but many of these studies had small samples (e.g., 3-5) and in many

cases had the potential for bias because the researchers were themselves also participants.

Kleitman (1963) tested a total of 35 individuals over several studies, most of which

involved a 60-hour total sleep deprivation condition. Consistent variations in certain

vegetative functions (e.g., knee jerks, light reaction) and deficits in day time performance

(e.g., reaction time, naming, hand and body steadiness, mental arithmetic) were found in

response to total sleep deprivation. These studies confirmed that the extended loss of

sleep had a detectable effect on behaviour, but Kleitman also contributed an important





insight: participants required constant activity to remain awake and therefore,

researchers were studying the effects of both total sleep deprivation and uninterrupted

muscle activity combined.

Following Kleitman's primary studies of total sleep deprivation in the early

1930's, subsequent research began to focus on identifying the performance tasks that

were most sensitive to sleep deprivation and other factors that affected day time

performance (i.e., confounding variables). Weiskotten and Ferguson (1930) were the first

to find that participants had greater deficits in speed-based tasks (e.g., math adding task)

compared to accuracy-based tasks (e.g., Whipples A test) after 66 hours of total sleep

deprivation. Subsequent studies typically found deficits in speed-based tasks rather than

accuracy based tasks, and this was specifically highlighted in a meta-analysis conducted

in later part of the 20* century: inter-study correlations were highest for speed deficits

rather than accuracy deficits (Koslowsky & Babkoff, 1992). Furthermore, a consistent

finding following total sleep deprivation was slower reaction times (Weiskotten &

Ferguson, 1930; Warren & Clark, 1937; Kleitman, 1963), and this led to the

establishment of basic reaction time tasks as the focal behavioural measure ofthe impact

of sleep loss. Furthermore, Laslett (1924, 1928) found that extending deprivation from 50

hours to 75 hours produced more pronounced deficits in performance, demonstrating that

continued total sleep deprivation produced cumulative deficits.

Another consistent outcome following total sleep deprivation was an increase in

the number of performance "lapses" during reaction time tasks (e.g., Warren & Clark,

1937). At this time, lapses in performance (or "blocks") were operationalized as reaction

times that were double the normal average response, on the basis of work by Bills (1937)
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who examined performance imder conditions of mental fatigue. Using this definition,

several early studies found an increase in the number of lapses following sleep

deprivation (e.g., Warren & Clark, 1937, Bjemer, 1949; WiUiams, Lubin, and Goodman,

1959). In their study, Williams et al. (1959) examined a wide array of measures of

performance in a reaction time task and found performance lapses to be the most

sensitive metric of total sleep deprivation. More recently, a new operationalization of

lapses (i.e., reaction time > 500 ms) has been put forth by Dinges and Kribbs (1991) and

has been found to be highly sensitive in several recent studies (e.g., Dinges et al., 1997;

Van Dongen et al., 2003; Belenky et al., 2003).

The concept ofmasking was another key phenomenon that was identified in the

early reports on sleep deprivation. Masking occurs when participants do not show

performance deficits following sleep loss despite the fact that they are truly impaired.

True performance may be masked due to factors such as task characteristics or participant

effort and motivation. Kleitman first reported that performance could be maintained at

normal levels provided that the test was short (Kleitman, 1963). Wilkinson (1959), a

primary figure in the early masking research, also found that masking was evident for

particular testing techniques or strategies: for a group of total sleep-deprived individuals,

those who were given breaks every 5 minutes in a reaction time task showed fewer

deficits than those who were not given breaks. Furthermore, Williams and Lubin (1967)

observed that if the time interval between stimuli was extended from 1 to 2 seconds in a

reaction time task, no deficits were seen following two nights of total sleep deprivation.

Both of these outcomes suggested that masking could take place when the task was easier

(i.e., deficits in performance could be overridden by participant effort in these reaction
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time tasks). These findings led Lisper and Kjellberg (1972) to argue that long and

difficult reaction time tasks would be the most sensitive to the effects of sleep

deprivation. However, modem research has found exceptions: reaction time tasks as short

as 6 minutes (as opposed to the traditional 10 minutes) can reveal deficits (Loh et al.,

2004), as well as more complex tasks addressing creativity and decision making

(Harrison & Home, 2000a).

Factors such as motivation have been shown to mask performance deficits.

Following 24 hours of total sleep deprivation participants could perform at baseline levels

if given feedback, likely because of increased effort (Wilkinson, 1961). Several studies

have also found that monetary reward can mask deficits: for example, Home and Pettitt

(1985) found that when money was given for correct responses (and taken away for

misses or incorrect responses) in an auditory vigilance task, participants performed at

baseline levels for up to 36 hours of total sleep deprivation.

Finally, the body's natural circadian rhythms can also lead to performance

masking. Kleitman was the fu-st to uncover that circadian rhythms moderated the effects

of total sleep deprivation (as summarized in Sleep and Wakefulness, 1963): he observed

an 'attack of drowsiness' between 0300 and 0600 that would be followed by a period of

relatively alert functioning for the remainder of the day. Since that time, several

researchers have found that performance following sleep loss improved throughout day

(Blake, 1967; Wilkinson, 1968; Askertd, Gillbert, & Wetterberg, 1982), or at least, was

better compared to night performance (Home, Anderson, & Wilkinson, 1983), with the

exception of a post-lunch dip in performance (Blake, 1967; Craig, Wilkinson, &

Colquhoun, 1981). However, the impact of circadian rhythms can be minimized by
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increased effort (Hockey & Colquhoun, 1972). In summary, although performance

steadily worsens with continued total sleep deprivation, performance is better during the

day compared to at night because of the circadian rhythms (i.e., sleepier at night than

during the day).

Direct measures of sleepiness were also applied throughout the day and night in

the earliest studies of total sleep deprivation. However, sleepiness was often confounded

with the construct of fatigue in these studies (Murray & Williams, 1957): sleepiness is the

propensity to fall asleep, while fatigue refers to physical and mental exhaustion in the

absence of a propensity to fall asleep (Vaughn &. D'Cruz, 2005). These early measures of

sleepiness, which resembled fatigue more closely than sleepiness, showed increases (i.e.,

more sleepy or fatigued) following total sleep deprivation (Kleitman, 1963; Murray et al,

1957). Aroimd the late 1970s several standardized measures were developed to gauge

subjective and objective sleepiness. The primary subjective measure for sleepiness is the

Stanford Sleepiness Scale (SSS; Hoddes et al., 1973), which requires participants to

subjectively rate their sleepiness on a scale of 1 to 7 (with descriptions of sleepiness

corresponding to each nimiber). Subjective sleepiness commonly shows cumulative

increases with continued total sleep deprivation (e.g.. Van Dongen, 2003). Furthermore,

during total sleep deprivation subjective ratings of sleepiness change according to

circadian rhythms: a recent study (Babkoff, Caspy, & Mikulincer, 1991) quantified these

changes and found that sleepiness was highest between 0200 - 0600 hours, second

highest between 1800 - 2000 hours and lowest at 1000 hour during total sleep

deprivation. The primary objective measure of sleepiness has been the Multiple Sleep

Latency Test (MSLT; Richardson et al., 1978). In this test, participants are instructed to
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try to fall asleep in a series of 20-minute nap opportxmities given throughout the day.

Sleep onset latency is measured for each nap. While this measure has been used more

extensively in sleep restriction studies, Lagarde and Batejat (1994) found that participants

fell asleep faster during MSLT naps after 24 hours of total sleep deprivation, and this

effect was cumulative (i.e., 24, 48 and 60 hrs total sleep deprivation).

A final measure used in early research was subjective mood, which has shown

systematic changes following total sleep deprivation: a large meta-analysis of early

studies reported that mood was rated more negatively following total sleep deprivation

compared to normal sleep (Pilcher & Huffcutt, 1996). Furthermore, the analysis revealed

that total sleep deprivation had the greatest effect on mood and a lesser effect on

cognitive ability and motor performance (Pilcher & Huffcutt, 1996). In these early

studies, various unstandardized measures ofmood were used; however, beginning in the

1970s, standardized measures ofmood were developed, such as the Profile ofMood

States (POMS; McNair, Lorr, & Droppleman, 1971). The POMS presents a series of

mood adjectives that are rated by participants and these adjectives cluster into six factors

(i.e., fatigue, vigor, confiision, tension, anger, and depression), most of which typically

show increases (except vigor which shows decreases) following periods of total sleep

deprivation over 24 hours (Penetar et al., 1993; Caldwell & DeLuc, 1998; Scott,

McNaughton, & Polman, 2006).

In simmiary, the early research made a number of significant contributions to the

overall understanding of total sleep deprivation in humans. One of the most notable

findings of this early body of research was the increase in the number of performance

lapses made by participants. Donald Broadbent was an eminent experimental
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psychologist in the 1950s and 1960s studying attention and short-term memory,

particularly in situations of mental fatigue; however, his description ofhuman

performance under duress is an excellent characterization of the typical impairments

experienced following sleep Ipss:

Crudely speaking, a man is not like a child's mechanical toy which goes

slower as it runs down. Nor is it like a car engine which continues

normally until its fuel is exhausted and then stops dead. He is like a motor

which after much use misfires, runs normally for awhile, then falters

again, and so on. (Broadbent, 1955, p. 2)

This understanding of the limits ofhuman performance still holds true today and

is usefiil as a metaphor to explain why total sleep deprivation leads to increased

moments of performance instability (e.g., lapses) rather than a constant, broad,

system failure.

Advancesfrom Recent Studies. Recently, total sleep deprivation researchers have

conducted strictly controlled laboratory experiments to investigate more complex tasks,

individual differences in vulnerability to sleep loss, and regional brain function. Home

(1988) tested participants on the Torrance Tests of Creative Thinking following a single

night of total sleep deprivation and found impaired performance on all scales (e.g.,

originality: the generation of usual ideas; flexibility: ability to change strategies)

compared to a normal sleep control group. Furthermore, Harrison and Home (1998)

tested participants following 36 hours of total sleep deprivation on a test that measured

the ability to generate novel associations, and in turn, inhibit routine associations.

Compared to a normal sleep control group, the total sleep deprivation group showed

deficits in suppressing routine associations. In both of these studies (Home, 1988;

Harrison & Home, 1998), lack of motivation was mled out as an important cause of the
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results because deficits were also observed in other short, highly motivating tasks.

Encouraged by early subjective observations of changes in speech during total sleep

deprivation (Morris, Williams, & Lubin, 1960), Harrison and Home (1997) also

conducted a total sleep deprivation study on speech production. After 35 hours of total

sleep deprivation, Harrison and Home (1997) found that participants lacked appropriate

intonation, were impaired in their ability to generate words for a given letter, and tended

to generate words from a single semantic category.

A recent review of research on total sleep deprivation and decision making came

to the conclusion that,

[although] complex mle-based, convergent, and logical tasks are unaffected by

short term sleep deprivation... sleep deprivation still impairs decision making

involving the unexpected, innovation, revising plans, competing distraction, and

effective communication. (Harrison & Home, 2000a, pp. 236)

These types of decision making situations in which impairment is observed (e.g.,

innovation, revising plans), could reasonably be proposed to require creativity or novelty

in order to make good decisions. Therefore, results from these decision making studies

are consistent with the early studies reviewed, which found impairment in novel and

creative behaviours (Home, 1988; Harrison «& Home, 1997; Harrison & Home, 1998).

These results highlight that total sleep deprivation does not just simply impair behaviour

on monotonous, simple tasks like reaction time.

Finally, a recent study examined recognition and temporal memory in a 35-hour

total sleep deprivation condition (Harrison & Home, 2000b). In the behavioural test, two

sets (list A and B) of 12 faces were presented at a rate of one face every 10 seconds. After

a 5 minute break, the list A and B faces were presented along with two new sets of 12
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faces. Participants were asked to recall if a given face had been shown earlier

(recognition) and if so, whether that face was in list A or B (temporal memory). Results

showed deficits in temporal memory (or 'source memory), but not recognition, following

total sleep deprivation. This outcome was interpreted as sleep deprivation having "a

specific effect on temporal memory, other than simply through a generalized reduction in

arousal (i.e., increased sleepiness)" (Harrison & Home, 2000b, pp. 276).

In addition to investigating more complex tasks, researchers have begun to

employ more sophisticated statistical analyses to examine individual and group

differences in impairment. Although not tested due to sample size restrictions, individual

and group differences in reaction to total sleep deprivation were noted as early as

Kleitman (1963). Beginning with group differences, differences in performance based on

sex and age have been observed following total sleep deprivation in several studies (e.g.,

Philip et al., 2004). Mostly recently, Blatter et al. (2006) found that young women (20 -

3 1 years old) had slower reaction times than men following 40 hours of total sleep

deprivation; however, rather than a neurological explanation this sex difference was

attributed to women using a different strategy fi"om that used by men. In the same study,

older individuals (57 - 74 years old) showed less performance decline than younger

individuals (20 - 31 years old) in comparison to their respective baselines (Blatter et al.,

2006), which was thought to suggest a floor effect or a true reduced susceptibility to the

effects of total sleep deprivation for older individuals.

Van Dongen et al. (2004) have been instrumental in the renewed interest in

individual differences in sleep and performance. Van Dongen et al. (2004) conducted a

36-hour total sleep deprivation study to determine the types of behavioural measures on
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which participants showed individual differences. Participants were either allowed 4

hours or 12 hours time in bed a night for the week prior to the study. Furthermore, while

those in the 4-hour group had more performance impairment on a reaction time task

compared to the 12-hour group, these effects were overshadowed in magnitude by trait-

like interindividual variability in task performance during sleep deprivation. A factor

analysis conducted on tasks and self-report measures resulted in 3 factors to explain

interindividual variability: 1) self-reported state (e.g., sleepiness, mood, and fatigue), 2)

cognitive processing ability (e.g., a digit symbol substitution task that required

participants to press numbers on keypad that corresponded with the illumination of

squares on a computer screen), and 3) sustained attention, as indexed by performance on

a standard reaction time task. Van Dongen et al. (2004) concluded that "interindividual

differences in neurobehavioural responses to sleep deprivation were not merely a

consequence of sleep history [but] rather, they involved trait-like differential

wilnerability to impairment from sleep loss" (p. 423). These conclusions were re-iterated

in a larger review of individual differences in human sleep and performance, where it was

argued that individual differences can account for a substantial amount of variance in

changes in sleep and performance in response to experimental manipulation (Van

Dongen, Vitellaro, & Dinges, 2005).

Brain Imaging. Wu et al. (1991) were the first to apply imaging technology to the

study of total sleep deprivation. Using positron emission tomography (PET), they

observed an increase in glucose metabolism in the visual cortex, and decreases in the

temporal lobes, thalamus, basal ganglia, white matter and cerebellum during wakefulness

following 32 hours of total sleep deprivation. Thomas et al. (1998, 2000, 2003)
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conducted an 85 hour total sleep deprivation PET study. They found a global decrease

in glucose metabolism rate following total sleep deprivation, as well as specific decreases

in the thalamus, prefrontal and posterior parietal cortices. Accordingly, these regional

changes in glucose metabolism were found to decrease systematically over time (i.e.,

scans at 24 hrs, 48 hrs and 72 hrs of total sleep deprivation). These early findings of

decreased glucose metabolism were followed up by Drummond in a series offMRI

studies that showed changes in specific brain areas following 35 hours of total sleep

deprivation (Drummond et al., 1999; Drummond et al., 2000, Drummond, Gillin et al.,

2001 ; all three summarized in Drummond & Brown, 2001). In the first study, Drummond

et al. (1999) found no significant changes in performance on a serial subtraction task after

total sleep deprivation, however, there was a decrease in bilateral prefrontal cortex,

inferior and superior parietal lobes and premotor area activity (areas that are normally

active following normal sleep). In that same study, an increase in activity in the ventral

areas of the parietal lobes was also observed, which was correlated with increased

sleepiness. Next, Drummond et al. (2000) and Drummond, Gillin et al. (2001) reported

deficits in performance on a verbal learning task (which simply involved the

memorization and free recall of sets of words) and a divided attention task (which had

participants memorize presented words, while performing serial subtractions in between

the presentation of words) following total sleep deprivation, respectively; for both tasks

there was an increase in activity in the left-prefrontal cortex and parietal lobes rather than

the expected global decreases in activity. However, poor performance on the verbal

learning task was correlated with increased parietal activation, while increased activation

in the prefrontal cortex was correlated with increased sleepiness.
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These results suggested that brain activity changed as a function of total sleep

deprivation and the type of task (i.e., the type of cognitive demands). For example,

sleepiness was correlated with frontal lobe activity for the serial subtraction task

(Drummond, 1999), but was correlated with parietal lobe activity for the verbal learning

task (Drummond, Gillin et al., 2001). Drummond and Brown (2001) hypothesized,

[an] adaptive, potentially compensatory, cerebral response to cognitive

performance during TSD that is related to the cognitive demands placed on an

individual. Adaptation is seen as brain regions coming "on-line" and/or showing

an increased spatial response to specific cognitive demands following sleep

deprivation, (p. S72)

This compensatory hypothesis was proposed at the same time that frontal lobe

impairments had been theorized as the underlying mechanism involved in impairment

due to sleep loss because cognitive tasks thought to require frontal lobe functions show

impairment after sleep deprivation (Jones & Harrison, 2001). Thus, the observation of

activations in several brain areas following total sleep deprivation could be seen as a

direct response to impaired frontal lobe processing following total sleep deprivation.

Drummond, Brown, Salamat, and Gillin (2004) examined whether task difficulty

was a moderator. FoUovdng normal sleep there were linear increases in activity in several

brain areas with increased difficulty on a logical reasoning task; however, following 35

hours of total sleep deprivation even sfronger linear increases were observed in parietal

lobes, prefrontal lobes, and new areas such as the parietal and temporal lobes that did not

normally show activation after adequate sleep. Drummond, Meloy et al. (2005) have

since used another task (i.e., verbal memory), and replicated the earlier findings:

following total sleep deprivation, additional brain areas become activated and in

particular, the parietal lobes. - . «,
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Recently, Drummond, Bischoff-Grethe et al. (2005) used fMRI to examine

brain activity during a reaction time task following 36 hours of total sleep deprivation.

This type of simple reaction time task has been previously validated in other studies (e.g.,

Dinges et al., 1997; Van Dongen et al., 2003). Prior to the sleep deprivation

manipulation, peak performance had been linked to increased activation in the motor

areas, the prefrontal cortex, and other areas that together were thought to reflect a

sustained attention network. However, "slow reaction times, particularly after [total sleep

deprivation], were associated with greater activity in the 'default mode network'

consisting of frontal and posterior midline regions" (Drummond, Bischoff-Grethe et al.,

2005, pp. 1047). This differential brain activity for slow reaction time trials was

suggested to be a result of disengagement from the task. Behaviourally, attentional

disengagement from cognitive tasks has been well documented in the form of reaction

time lapses (Warren & Clark, 1937; Dinges et al, 1997; Belenky et al, 2003; Van Dongen

et al, 2003); Drummond, Bischoff-Grethe et al. (2005) have provided a preliminary

examination of the brain activity associated with these lapses.

Performance on other tasks following total sleep deprivation has also been

investigated using fMRI. A recent study (Chuah, Venkatraman, Dinges, & Chee, 2006)

used a 'go no-go' task to examine brain activation following 24 hours of total sleep

deprivation. This 'go no-go' task required participants to press a button upon the

presentation ofX or Y letter, but to v^thhold a press ifthe preceding letter matched the

current one. Chauh et al. (2006) found a decrease in ventral and anterior prefirontal

activation. Interestingly, phasic activation of the right ventral prefrontal cortex during

wakefulness performance could distinguish those individuals who performed relatively
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better during total sleep deprivation (i.e., better at inhibiting responses). Other studies

using fMRI have illustrated how brain activity involved in working memory can be used

as a marker of vulnerability to total sleep deprivation. Mu et al. (2005) found that 30

hours of total sleep deprivation led to global decreases in brain activation; however, when

participants were split into "resilient to sleep loss" and "non-resilient" groups on the basis

of working memory task performance, the resilient group showed a much greater

activation after total sleep deprivation, and also showed more activity at baseline.

Similarly, Chee et al. (2006) found a negative correlation between activation in left

frontal regions after normal sleep and the extent of performance decline after 24 hours

total sleep deprivation. This was also true for left parietal activation after normal sleep

(Chee et al., 2006). Other studies have focused on the nature of the working memory task

itself For example, Chee and Choo (2004) used a working memory task and found that

parietal lobe activity decreased and frontal lobe activity increased following a 24-hour

period of total sleep deprivation. Furthermore, other studies who observed this same

frontal activity also fovind that it was moderated by the difficulty (or 'load') of the

working memory task (Choo et al., 2005). Chee and Choo (2004) have suggested that the

frontal activity may be particular to the working memory task used; however, the

relatively short total sleep deprivation period used (i.e., 24 hours) could also be a factor

(e.g., given a longer deprivation period, other brain areas might show additional activity

as well).

In summary, the initial study by Patrick and Gilbert in 1896 and the 1 10 years of

research that followed have allowed for six major conclusions to be drawn regarding the

effects of total sleep deprivation. First, the most sensitive behavioural metric of the effect
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of total sleep deprivation appears to be the simple auditory reaction time task (Lisper

& Kjellberg, 1972; Dinges et al, 1991), and in this respect, the characteristic findings

have been slowed reaction times (e.g., Weiskotten & Ferguson, 1930; Warren & Clark,

1937; Klietman, 1963; Dinges et al., 1997), and an increase in the number of

performance lapses (e.g., Bjemer, 1949; Williams et al., 1959; Dinges & Kribbs, 1991;

Dinges et al., 1997; Van Dongen et al., 2003), rather than accuracy deficits. Second, these

performance deficits cumulatively increase with continued total sleep deprivation (e.g.,

Laslett, 1924, 1928; Lagarde & Batejat, 1994; Van Dongen et al., 2003). Third, total

sleep deprivation leads to a cimiulative increase in sleepiness (e.g., Murray et al, 1957;

Klietman, 1963; Babkoff et al., 1991) and an increase in negative mood (e.g., Penetar et

al., 1993; Pilcher & Huffcutt, 1996; Caldwell & DeLuc, 1998; Van Dongen et al., 2003;

Scott, McNaughton & Polman, 2006). Fourth, performance can be subject to masking by

several factors including circadian rhythms (e.g., Klietman, 1963; Blake, 1967;

Wilkinson, 1968; Askertd et al., 1982; Home, Anderson, & Wilkinson, 1983), motivation

(e.g., Wilkinson, 1961; Hockey & Colquhoun, 1972; Home & Pettitt, 1985) and task

characteristics (e.g., Wilkinson, 1959; Wilkinson, 1961; Klietman, 1963; Williams &

Lubin, 1967). Fifth, recent research utilizing imaging technology has found regional

pattems of activation and deactivation that are theorized to be compensatory (Drummond

& Brown, 2001), and depend on the behavioural task used (Drummond et al., 1999;

Drummond et al, 2000, Drummond, Gillin et al., 2001; Drummond et al., 2004;

Drummond, Meloy et al., 2005; Chee & Choo, 2004; Chuah et al., 2006). Impairments

following total sleep deprivation have also been suggested to be due to impaired fi^ontal

lobe activity (Harrison & Jones, 2001). Finally, deficits have been found in behaviour
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requiring creativity and novel behaviour (Home, 1988; Harrison &. Home, 1997;

Harrison & Home, 1998; Harrison & Home, 2000a), and there is a renewed interest in

individual and group differences in vulnerability to the effects of sleep loss (Van Dongen

et al., 2004; Mu et al., 2005; Van Dongen et al., 2005; Chuah et al., 2006; Blatter et al.,

2006).

Sleep Restriction

For the majority of the 20* century, research investigating sleep loss was limited

to varying the amount of total sleep deprivation. One reason for this trend was that

researchers were still investigating what type ofperformance tasks were sensitive to the

deficits following sleep loss; total sleep deprivation was such an extreme manipulation

that it could be used to sort effective tasks from ineffective ones. Also, total sleep

deprivation research was pursued because the complete elimination of sleep would,

theoretically, yield direct insight into the functions of sleep. More recently, sleep

restriction has been used as a means to investigate levels of sleep loss that are more

commonly experienced in everyday life.

Much like the early studies of total sleep deprivation, the results fi-om initial

studies of sleep restriction were equivocal: some found null results (Webb & Agnew,

1974; Friedmann, et al., 1977; Home and Wilkinson, 1985; Blagrove, Alexander, &

Home, 1995), while others observed significant cumulative deficits in performance

(Wilkinson, Edwards & Haines, 1966; Hamilton, Wilkinson, & Edwards, 1972;

Herscovitch & Broughton, 1981; Carskadon & Dement, 1981). The results ofone

particular study (Wilkinson et al., 1966) are indicative of a general trend whereby

participants who were more severely restricted would exhibit deficits immediately: when
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permitted 3 hours of sleep per night, deficits were observed after a single night,

whereas when permitted to sleep 5 hours per night, deficits were not observed until after

the second night. In a review of these studies. Van Dongen et al. (2003) highlighted that

those with null results had several possible sources of variability, such as uncontrolled

participant monitoring and stimulant use. Research that controlled for diet, stimulants,

and physical activity, and included participants who had little experience with sleep loss

tended to find significant deficits.

Modern Controlled Studies. Carskadon and Dement (1981) investigated the

impact of sleep restriction on subjective and objective sleepiness in 10 young adults (5

men and 5 women). Participants were given 5 hours' time in bed for a period of 7 days in

the laboratory, preceded by 3 baseline days of 8 hours' time in bed and followed by 2

recovery days of 10 hours' time in bed. Subjective (Stanford Sleepiness Scale) and

objective (MSLT) measures of sleepiness were given every 2 hours starting at 0930 each

day. For each MSLT, participants were monitored with EEG and awoken after three

consecutive 30-seconds epochs of any stage of sleep (usually stage 1). There were

detectable increases in daily-average measures of sleepiness following sleep restriction

compared to baseline: the Stanford Sleepiness Scale revealed increased subjective

sleepiness after the first night of restriction, whereas the MSLT revealed increased

physiological sleepiness only after the second night of restriction. In addition, the effect

of sleep restriction was significantly cumulative: sleepiness increased fi-om the first

restriction night to the fourth and seventh night in both measures. Finally, both subjective

and objective measures returned to their baseline levels following the first recovery night.

From these findings it appeared that the Stanford Sleepiness Scale was a more sensitive



.' .
'-^ -: ••>-



22

metric of sleepiness for the impact of one night of sleep restriction, while both

measures were sensitive to changes in sleepiness for the subsequent additional restriction

nights (Carskadon & Dement, 1981). No quantitative EEG or neurobehavioural

performance measures of waking alertness were investigated in this study.

Dinges et al. (1997) performed a similar laboratory experiment with the

introduction of neurobehavioural performance tasks in 16 young adults (8 men and 8

women). For seven consecutive nights, each participant had his or her sleep restricted to

66% of their habitual amount (4.98 +/- .57 hours on average). This restriction period was

preceded by two baseline nights (7.41 hours) and either one or two recovery nights (7.94

hours). An assessment battery was given three times each day (i.e., at 1000, 1600 and

2200) that included measures ofmood (Profile of Mood States), sleepiness (Stanford

Sleepiness Scale), and performance (probed memory recall test, serial-addition task, and

the psychomotor vigilance task). The psychomotor vigilance task (PVT; Dinges &

Powell, 1985) was a basic reaction time task that included a hand-held response box, and

employed several new quantifications of reaction time data including a new

operationalization of performance lapses (i.e., reaction times greater than 500 ms).

As with Carskadon and Dement (1981), the Stanford Sleepiness Scale revealed a

significant increase in average daily sleepiness following the first sleep restriction night

and cumulative increases in sleepiness as restriction continued (Dinges et al., 1997). The

SSS also detected circadian effects: participants were more awake at 1000 compared to

1600 and 2200 h. In contrast to Carskadon and Dement, there was no return to baseline

sleepiness, even after two full nights of recovery sleep (Dinges et al., 1997). The POMS

subscales of vigor, confusion, fatigue, anxiety, and total mood showed changes similar to
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the Stanford Sleepiness Scale: an initial increase following the fu-st restriction night

and cumulative increases thereafter. The POMS, however, showed no circadian effects.

With respect to neurobehavioural performance, of the three tasks (i.e., PVT, serial

addition task, and probed recall memory test), only PVT performance was affected by

sleep deprivation. The results for the 10% slowest trials mirrored those of the sleepiness

and mood ratings, in that increases in reaction time were found after the first sleep

restriction night and again following the seventh sleep restriction night. However,

increases in lapses (i.e., reaction times > 500ms) and reaction times for the 10% fastest

only appeared after the second restriction night (and again after the seventh sleep

restriction night). These studies (Carskadon & Dement, 1981; Dinges et al., 1997)

demonstrate that continuous sleep restriction leads to cumulative deficits in sleep, mood,

and reaction time performance.

Dose-Response Studies. Researchers next studied different levels of sleep

restriction (e.g., 3, 5, 7 hours) to gauge the corresponding changes in performance and

sleepiness (i.e., so-called dose-response studies). This type of design would provide

information on whether different levels of sleep loss would lead to changes in the

magnitude of deficits and/or the types of deficits observed. Moreover, the comparison to

a sleep-satiated control group (i.e., 8 hours) would permit researchers to understand the

effects of the sleep loss per se, rather than effects on behaviour due to extended

laboratory protocol (e.g., motivation, isolation).

Two recent laboratory studies (Belenky et al., 2003; Van Dongen et al., 2003)

applied a dose-response design to the problem of sleep restriction. Both studies were

planned and published together and used similar methodologies (with wake-up time kept
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at 0700) and assessment tools (e.g., reaction time tasks, SSS). However, they

purposely diverged in the hours of restriction examined: Belenky et al. (2003) used 3, 5, 7

and 9 hours' time in bed, while Van Dongen et al. (2003) used 4, 6, and 8 hours. The two

studies also employed vigorous participant screening that included toxicology tests,

psychiatric evaluations, and sleep schedule monitoring prior to study participation. Once

in the laboratory, participants were constantly monitored and controlled (e.g., no naps, no

caffeine, no intense exercise). In these studies, participants were only assessed on

behavioural tasks; no electrophysiological measures were investigated to examine the

central nervous system nature of the behavioural deficits.

Belenky et al. (2003) conducted a laboratory study with 66 middle-aged adults

(50 men and 16 women). The procedure included three baseline days (8 hours' time in

bed), seven sleep restriction days, and three recovery nights (8 hours' time in bed). Tasks

included the SSS, MSLT (at 0940 and 1530 hours), and a reaction time task. Those in the

3-hour group reported being sleepier than the 5-, 7-, and 9-hour groups across the

restriction days but the 3-hour group was the only one to show cumulative subjective

sleepiness with continued restriction. The MSLT revealed that sleep latency differed

between groups in the morning MSLT session (sleep onset latency: 9 hour group > 7 hour

group > 5 hour group > 3 hour group) but only the 3- and 5-hour groups showed

cumulative sleepiness. In relation to earlier work, the cumulative changes in subjective

sleepiness found by Dinges et al. (1997) following a 5-hour restriction were not observed

in the sample of Belenky et al. (2003); only the most severely restricted 3-hour group

showed cumulative change.
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Belenky et al. (2003) examined performance, averaged across the entire

restriction phase, and found that mean speed (1/RT*1000) and fastest 10% reaction times

showed a dose-dependent difference: for both reaction time variables, the 3-hour group

had the slowest speed, followed by the 5-hour group and then by the 7- and 9-hour

groups who shared the fastest speed. Also, the 3-hour group had a higher number of

lapses on average than all other groups; no other group differences were significant.

Performance was then examined within each group across the sleep restriction days.

Mean speed cumulatively slowed in the 3-, 5-, and 7-hour groups, while number of lapses

increased and 10% fastest responses slowed cumulatively in the 3- and 5-, but not the 7-

and 9-hour groups. However, following recovery sleep, no return to baseline was

observed for the groups that had cumulative declines following sleep restriction: mean

speed (3-, 5- and 7-hour groups), number of lapses (3- and 5-hour groups) and 10%

fastest responses (3- and 5-hour groups). Finally, at recovery, generally the only

differences were between the 3-hour group and all other groups. Belenky et al. (2003)

showed a dose-dependent change in performance and sleepiness, most clearly in the 3-

hour condition compared to all other groups. Similar to Dinges et al. (1997), Belenky et

al. (2003) suggests that the effects of prolonged sleep restriction could last beyond three

nights of recovery sleep.

In contrast to Belenky et al. (2003), Van Dongen et al. (2003) approached their

study with a stronger emphasis on the cumulative changes in behaviour and performance

during sleep restriction. They tested 41 young adults (35 men and 6 women) in a sleep

restriction paradigm with a restriction period of 14 days and a recovery period of 3 days

(recovery data not reported). Regression analyses were employed by Van Dongen et al.
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(2003), in which all task performance was quantified as a curvilinear rate of change in

comparison to baseline performance. Tasks used were the SSS, PVT (lapses only, due to

their sensitivity to the effects of sleep loss; Warren & Clark, 1937), Digit Symbol

Substitution Task, and Serial Addition Subtract Task. Averaged daily sleepiness data

confirmed the sleep restriction manipulation: those in the 4- and 6-hour groups became

increasingly sleepy over the 14 days, and on average, the 4-hour group was sleepier than

the 6-hour and 8-hour groups (however, there was no difference between the 6- and 8-

hour groups). In all performance tasks, there were significant differences in rates of

performance change in the expected direction: the 8-hour group performed better than 6-

hour group, which performed better than the 4-hour group. These results are concordant

with data from Belenky et al. (2003), confirming a dose-response effect for both

sleepiness and performance: the magnitude of sleep restriction can be stated to be directly

related to the magnitude of change in sleepiness and performance deficits.

In the same study. Van Dongen et al. (2003) reported on a comparison group of

young adults (n = 13; all men) that underwent 88 hours of total sleep deprivation. Unlike

sleep restriction, which resulted in curvilinear performance arcs, sleep deprivation was

best explained by linear prediction lines. Interestingly, after 14 days of sleep restriction

(i.e., the most extreme level of sleep restriction), the PVT and Digit Symbol Substitution

Task performance for those in the 4-hour sleep restriction condition mirrored

performance observed after 48 hours of total sleep deprivation, while performance in the

6-hour sleep restriction condition mirrored performance after 24 hours of total sleep

deprivation. Van Dongen et al. (2003) used regression models to mathematically explain

the link in performance between sleep deprivation and restriction; results pointed to the
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cumulative amount of wakefulness rather than cumulative sleep debt as the best

predictor of deficits in performance for both sleep deprivation and sleep restriction with a

single linear prediction line.

These two recent investigations (Van Dongen et al., 2003; Belenky et al., 2003)

show that there are detectable behavioural deficits in performance in basic attention tasks

that correspond to different doses of sleep restriction. However, neither of these studies

applied electrophysiological indices of brain functioning during performance. In order to

vmderstand the central nervous system nature of performance deficits and instability

during sleep loss, the corresponding brain activity must be examined.

Electrophysiological Measures ofSleep Loss

EEG is a measure of variation in voltage over time that arises from post-synaptic

potentials (mainly from pyramidal type neurons) that are recorded with electrodes placed

on the scalp (Davidson, Jackson, & Larson, 2000). EEG is often described as activity

within specific ranges or bands (e.g., alpha [8-12 Hz], theta [4-7 Hz]) whose power (|av^ /

Hz) can be quantified through Fast Fourier Transform (FFT) analysis techniques. These

oscillating waves have been examined in relation to changes in arousal and attention in

sleep and waking states. Although the range ofhuman scalp-recorded EEG used more

often in research is between about .1 and 70 Hz, most of the research on EEG as a marker

of fluctuations in arousal has focused on alpha (8-12 Hz) activity (Cantero, Atienza, &

Salas, 2002). For instance, during the sleep onset period, EEG systematically changes

such that occipital alpha decreases and theta activity appears. Because the peri-sleep

onset period is an extreme level of sleepiness, a similar EEG profile during the waking

state can be interpreted as decreased arousal or increased sleepiness.
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Initial studies of waking activity following total sleep deprivation found that

occipital lobe alpha activity, when eyes were closed, decreased progressively until it was

nearly absent, often occurring at 50 hours of sleep deprivation (e.g., Armington &

Mitnick, 1959; Williams et al., 1959; Malmo & Surwillo, 1960). More recently, alpha

and theta power has been shown to progressively increase with sleep deprivation when

participants' eyes were open (Cajochen et al., 1995). In addition, beta power was also

shown to increase when participants' eyes were open and this is thought to be related to

participants' effort to remain awake (Lorenzo et al., 1995). Thus, alpha activity shows a

reliable change following total sleep deprivation; however the direction of the change is

dependent on the state of the eyes: eyes closed {decreased alpha) and eyes open

{increased alpha). Another EEG change that has been observed is that interhemispheric

correlations (i.e., coherence) either decrease or remain at baseline levels following total

sleep deprivation, while normal sleep results in increased interhemispheric correlations

the following morning (Corsi-Cabrera, Ramos, & Meneses, 1989; Corsi-Cabrera et al.,

1992). These findings indicate that total sleep deprivation impairs cerebral connectivity.

Alpha activity, a physiological marker of sleepiness (Torsvall & Akerstedt, 1987),

has been directly related to performance. In the older studies where alpha activity was

recorded while participant's eyes were closed, reduced alpha was associated with longer

reaction times (Bjemer, 1949), an increased number and duration of lapses (Williams et

al., 1959), negative subjective feelings, and low effort (Naitoh et al., 1969). In more

recent studies, comparable findings were observed while eyes were open: Corsi-Cabrera

et al. (1996) examined EEG activity prior to target stimuli in a reaction time task

following sleep deprivation and found increases in alpha and beta activity. Moreover,
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these increases were correlated with the slower reaction times. Theta has also been

linked to performance following sleep deprivation: Lorenzo et al. (1995) examined

reaction time and sleep deprivation and found typical EEG changes (i.e., increased

beta/theta power when eyes were open and decreased alpha power when eyes were

closed) but also observed a positive correlation between theta power and reaction time

slowing. '
r

ERPs, averaged brain responses to specific type of stimulus, have also been used

to study arousal and attention following total sleep deprivation. To calculate ERPs, EEG

is time-locked to many trials of a specific stimulus and averaged together in order to

determine the timing and extent of various cognitive processes. Thus, the ERP consists of

oscillations of averaged EEG (e.g., peaks) that are, in turn, quantified by their amplitude

(fiV; representing magnitude of process) and latency (ms; reflecting the timing of the

cognitive process). This EEG averaging creates a reduction in the signal-to-noise ratio,

whereby the relatively small amplitude signals specifically related to the stimulus become

more apparent when the larger amplitude background activity is reduced as a function of

the averaging (e.g., noise; Picton, 1992). These now more apparent, small amplitude

signals can then be seen as peaks in an ERP.
f;*

Certain behavioural tasks can result in an ERP with peaks whose amplitude,

latency, and scalp topography differentiate them from the peaks observed for other tasks.

These differentiated peaks are referred to as ERP components. However, there is debate

as to what an ERP component should represent (Often & Rugg, 2005). As illustrated

above, the functional approach (Donchin, 1981) defines a component "in terms of the

functional process with which it is associated" (i.e., variation across different tasks or
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different parameters within a task; Otten & Rugg, 2005, p. 8) and in this framework,

peaks may also be referred to as 'deflections.' However, another position (Naatanen, &

Picton, 1987) is that "an ERP component should be defined in terms of its anatomical

source within the brain" (Otten & Rugg, 2005, p. 8). The present study adheres to the

fimctional definition of the ERP component.

ERPs have been used to investigate changes in attention during the sleep onset

period, specifically the transition from alert wakefulness, to drowsiness, to EEG-defined

stage 1 sleep, and finally to EEG-defined stage 2 sleep. During wakefiilness, several ERP

components can be seen in response to an attended non-target stimulus (MuUer-Gass &

Campbell, 2002): Nl and P2 are two components that appear at around 100 ms (negative

deflection) and 200 ms (positive deflection) respectively, after stimulus presentation. Nl

is thought to reflect early stimulus detection, while P2 represents stimulus inhibition

(MuUer-Gass & Campbell, 2002). In addition, an endogenous processing negativity (PN)

is present when individuals are selectively attending to a stimulus. As a result, the PN

overlaps in time and space with Nl and P2. Thus, while Nl and P2 do not themselves

change following changes in selective attention, their amplitudes will change based on

PN presence or absence (Muller-Gass & Campbell, 2002). However, a later ERP

component called the P300 is elicited by target stimuli and this component has been

investigated using the "odd-ball" task, a repetition ofmonotonous stimuli with a deviant

target stimulus presented on rare and random trials (Sutton, Braren, Zubin, & John,

1965). The P300 is a positive deflection peaking around 300 ms following the target that

reflects stimulus discrimination, conscious detection of a target (Picton, 1992), or perhaps

other higher cognitive processes (e.g., Donchin, 1981), although there is debate; the P300
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"does not occur in the absence of attention" (MuUer-Gass & Campbell, 2002, pp. 185).

The classic P300 is an attention-dependent, target-specific, parietally maximum peak

whose amplitude varies inversely with the probability of target presentation (Duncan-

Johnson &. Donchin, 1977). Sub-components or variations of the classic P300 have been

described, including a fi"ontal "P3a" (that peaks earlier; Squires, Squires, «fe Hillyard,

1974), a "novel P3" (towards novel stimuli; Freedman, Cycowicz, & Gaeta, 2001), a

positivity elicited to intrusive, to-be-ignored stimuli (Putnam &, Roth, 1 990), and a

positivity in stage 1 and REM sleep that peaks parietally, but lacks fi-ontal contribution

(Cote, 2002). Such positivities may reflect pre-attentive processes or automatic detection

of deviant stimuli (as opposed to active target detection and processing of stimulus

meaning). >

These long-latency ERP components elicited in a basic odd-ball paradigm show

distinct changes at the point of sleep onset (Campbell & Colrain, 2002). At sleep onset,

the PN dissipates as evident by the reduction in Nl amplitude and increase in P2

amplitude for target tones; however, these changes to Nl and P2 at the point of sleep

onset also occurred for single, non-target tones. Furthermore, the P300 fails to appear

when participants stop behaviourally detecting stimuli, typically beginning in late stage 1

(Cote, de Lugt, & Campbell, 2002; Segalowitz, Ogilvie, & Simons, 1990). Thus, at the

point of sleep onset there is greater inhibition, reduced encoding, and a loss of extensive

cognitive processing or consciousness (e.g., P300). This reduction in P300 amplitude has

also been found with increased pathological sleepiness as well: narcoleptics showed a

reduced P300 compared to controls (Aguirre & Broughton, 1987).
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ERPs have also been examined during total sleep deprivation. Harsh and Badia

(1989) found that N2 and P2 latency increased after a 48 hour period of total sleep

deprivation and the N2 change was associated with poorer performance on several

cognitive tasks, such as reaction time and serial subtraction. Furthermore, KruU, Smith,

Sinha, and Parsons (1993) found that sleep deprivation increased Nl latency (i.e., delayed

initial stimulus detection). More recently, Lee et al. (2004) observed changes in the N2,

P2 and P300 components during an auditory stimulus task performed after 37 hours of

total sleep deprivation: N2 and P300 decreased in amplitude and increased in latency,

while P2 only showed a decrease in amplitude. The N2 and P300 latency changes

correlated with increased sleepiness, but the P2 amplitude change was correlated with

increased anxiety, negative mood, and fatigue (Lee et al., 2004). The authors suggested

that the N2 and P300 changes were due to sleepiness, "which may slow cognitive

processing and decrease the efficiency of mental processing, [however] the increase in

P200 may be related with increased anxiety, negative mood, and fatigue" (Lee et al.,

2004, p. 1). The P300 component has also shown this characteristic increase in latency

and decrease in amplitude following total sleep deprivation across various paradigms,

including 18 hours wakefulness (Morris, So, Lee, Lash, & Becker, 1992) and a 36-hour

(Humphrey, Kramer & Stanny, 1994), 37-hour (Lee et al., 2004) and 48-hour (Harsh &

Badia, 1989) total sleep deprivation period. In sum, total sleep deprivation results in a

delay in many late ERP components and a reliable reduction in P300 amplitude, which

suggests a delay in processing and a reduction in attentional resources allocated to

stimulus discrimination.
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To date, all published electrophysiological studies of sleep loss have focused

on total sleep deprivation with the exception of three studies: one sleep fragmentation

study (Cote et al., 2003), one sleep restriction study ofEEG (Cote, in preparation), and

one sleep restriction study investigating ERPs (Szelenberger, Piotrowski, & Dabrowska,

2005). Cote et al. (2003) used a sleep fragmentation method in which increasingly loud

auditory tones (via earphones) were presented until an EEG arousal was noted. This

procedure was continued for the entire night over two consecutive nights. The following

day, a 40-minute performance assessment battery was given every 2 hours, starting at

0900 hours and ending at 1900 hours. Nl amplitude was reduced following sleep

fragmentation in comparison to baseline. The authors concluded that "attention was

impaired with respect to early encoding processes following sleep fragmentation" (Cote

et al., 2003, p. 687). Importantly, these ERP changes were apparent in the absence of

impairment on a variety of performance tasks (e.g., reaction time) suggesting that

electrophysiological measures may be more sensitive than traditional behavioural

measures for detecting deficits during subtle degrees of sleep loss.

Cote et al. (in preparation) examined performance and EEG during a three-week

combined at-home and laboratory protocol. The sleep manipulation consisted of one

week of regular sleep (8.3 hours), one week of sleep restriction (5.4 hours), and a final

week of recovery sleep (7.9 hoixrs). In a group of good sleepers, measures of sleepiness,

mood, and reaction time, administered each day, showed cumulative changes during the

week of sleep restriction: increased sleepiness, decreased mood on the Vigor-Activity

subscale (POMS), slower 10% fastest reaction time, and slower responses in the 2-back

memory task. Furthermore, sleepiness and mood variables showed a return to baseline
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levels following the recovery period. The alpha-attenuation coefficient, a measure of

physiological sleepiness, indicated an increase in sleepiness across the sleep restriction

week. This effect was apparent immediately at fronto-central sites (Fp2, Fz, F8, Cz, C4,

and T8); however, a change at posterior sites (C4, P4, and P8) was not apparent until later

in the week. These results provide the first electrophysiological evidence of reduced CNS

arousal during continued sleep restriction. Moreover, the dynamic brain topography

suggests that frontal brain regions are most vulnerable to acute sleep loss, and while

posterior brain regions may at first be resilient, continuous sleep restriction leads to more

widespread brain deactivation.

Finally, Szelenberger et al. (2005) were the first to conduct an ERP study of

performance deficits following sleep restriction; however, the techniques used in this

study were not the traditional measures of arousal and attention. Physicians were tested

on the continuous attention task (CAT) in the morning following a normal sleep at home

(total sleep time = 7.5 +/- 1.1 hours) and again after a night shift at the hospital (total

sleep time = 3.9 +/- 1 .6 hours). The order of these two nights was counterbalanced and

participants estimated their total sleep time for each night. EEG was recorded from 21

electrode sites (during the CAT). ERPs to the CAT stimuli were isolated using Global

Field Power (GFP) techniques rather than selecting peak deflections. Data were then

analyzed with LORETA, a multi-channel EEG analysis method used to estimate the

iinderlying source of a given ERP component (Pascual-Marqui, Michel, & Lehmann,

1994). LORETA makes mathematical estimations of the source generators in the brain

for a given ERP component based on scalp-recorded EEG activity and several

assumptions (e.g., skull thickness, skull shape, and the number of source generators
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theorized for that particular ERP component). While techniques such as GFP and

LORETA are being applied more often, this first ERP investigation of sleep restriction

does not allow for direct comparison with previous ERP studies of total sleep deprivation

that measured the amplitude and latency ofpeak deflections.

The behavioural results of Szelenberger et al. (2005) were consistent with

previous sleep restriction studies. Following the night shift, participants rated themselves

as sleepier on the Stanford Sleepiness Scale, rated themselves more negatively on the

Beck Depression Inventory, and had slower reaction times on the CAT (Szelenberger et

al., 2005). For analysis of electrophysiological data, ERPs to the CAT target stimuli were

submitted to LORETA analysis. At baseline, the visual cortices were the strongest

sources for both PI and Nl . Following sleep restriction, the strongest source for Nl was

the visual cortices; however, oddly the strongest source for PI was the left medial

temporal lobe. The authors fiarther found that, "within the PI time fi-ame, sleep loss

resulted in greater activation in the right fronto-polar area [whereas] for the Nl

component, significant differences were localized on the lateral surface of the right

frontal lobe" (Szelenberger et al., 2005, p. 23). The authors concluded that their results

were consistent with the recent brain imaging work (e.g., Drummond et al., 2000;

Drummond, Gillin, et al., 2001; Drummond, 2004b; Drummond et al., 2005; Choo et al.,

2005; Chee & Choo, 2004), and specifically that their findings were, "consistent with the

previous data indicating that increased activation in the prefrontal cortex is needed to

maintain performance under sleep loss conditions" (Szelenberger et al., 2005, p. 26). In

general, these results may be interpreted as evidence for deficits in early encoding

processes that occur with this level of sleep restriction in a single night. However, from a
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visual inspection of the ERP waveforms plotted in the paper, it appears as though P300

is larger in the sleep restriction condition and even present to the non-target stimuli.

Therefore, without the traditional measurement of amplitude and latency ofNl, P2, and

P300 as validation, the results of source localization should be considered with caution.

In sum, sleep restriction research has used a series of moderate restrictions on

sleep (e.g., 3 or 5 hours) and found corresponding dose-response deficits similar to those

foimd with total sleep deprivation: slower reaction times, increased lapses, increased

sleepiness, and negative mood. The few studies to investigate electrophysiology and

sleep restriction found changes in alpha activity and frontal lobe activation similar to

those observed in total sleep deprivation studies, but clearly, further research in this area

is needed. To date, no electrophysiological studies have been conducted that

experimentally manipulate sleep restriction in a laboratory setting.

Probing Attention: The Attentional Blink (AB) Task

In sleep loss research, several basic tasks (e.g., the behavioural reaction time task

and electrophysiological alpha attenuation task) have been used to measure attention in a

general manner. The pattern of deficits observed with these measures after sleep loss has

been well documented; therefore, measures that address specific mechanisms of attention

may help to expound upon the general observation that sleep loss impairs attention. One

mechanism of interest is the natural limit humans have in attending to multiple target

stimuli (i.e., the limit of our attentional capacity). The Attentional Blink (AB), developed

by Raymond et al. (1992), is a paradigm that has been successfully used to quantify the

limits of attention in normal day time conditions, and also in several special populations,

such as ADHD (Armstrong & Munoz, 2003) and Parkinson's patients (Vardy, Bradshaw,
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& lansek, 2003). This established measure is an appropriate place to begin exploring

how specific mechanisms of attention are affected by sleep loss, and sleep restriction in

particular.

The AB task, as illustrated in Figure 1 , uses a rapid, serial, visual presentation

(RSVP) of individual stimuli presented in the same spatial location. The presentation

begins with a series of distracters (e.g., 7 letters), after which the first target (Tl) is

presented, which is followed by more distracters (e.g., 7 letters) and the possible

inclusion of a second target (T2) that may occur at any point after Tl (i.e., replacing a

distracter). For example, in the original task the distracters were upper-case black letters

(excluding X), Tl was an upper-case white letter and T2 was a black X. Following the

stream of letters, participants were asked to report the identity ofthe white letter and

whether a black X was present or absent. In the classic AB study (Raymond et al., 1992)

three independent variables were manipulated. First, participants were given instructions

to attend to T2 only (single-task condition) or to attend to both Tl and T2 (dual-task

condition). Second, T2 was presented on half the trials and absent on the other half.

Third, when presented, T2 was shown at any of 8 positions after Tl. The number of

positions T2 is from Tl is referred to as the 'lag position.' For example, if T2 was

presented immediately after Tl it would be called lag 1, while if there was one

intervening distracter between Tl and T2 it would be lag 2, etc.

The AB results from Raymond et al. (1992) showed an interesting phenomenon:

on dual-condition trials, Tl was reported correctly on approximately 90% of trials, but T2

detection accuracy was a function of the lag between Tl and T2. The detection ofT2 was

impaired at lags 2-5; this drop in accuracy is the so-called "blink" in attention that the
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(T^ Participant told to watcii a rapid stream

of stimuli and be on the lookout for two

targets: a white letter, and a black X.

Distracters

1

Distracters

First

Target (T1) Second
Target (T2)

(^2^ After the stream, participant asked to

report the white letter, and whether a

black X was presented.

F/gwre /. Outline of the Attentional Blink task.
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task reveals. Importantly, when given the single-task condition of attending to T2 only,

the detection of T2 is near ceiling at all lags. This indicates that the impaired T2 detection

when both Tl and T2 are attended to is not due to the nature of T2 itself or to forward

masking by Tl, but due to attending to Tl (i.e., due to the multitasking or limits of

attentional processes; Raymond et al., 1992).

The above study and many others (e.g., Raymond et al., 1993; Duncan, Martens,

& Ward, 1997), but not all (e.g., Breitmeyer et al., 1990), report that T2 detection is quite

good when it is presented in the first lag position immediately after Tl. This is referred to

as "lag 1 sparing" because T2 detection impairment is spared when at lag 1 (Visser,

Bischoff, & DiLoUo, 1999). A meta-analysis (Visser et al., 1999) suggests that the

absence or presence of lag 1 sparing may be a fimction of the degree of difference

between the stimuli used for Tl and T2 (e.g., low difference if both are letters, high

difference if one is a letter and another is a number): a larger difference is associated with

an absence of lag 1 sparing.

Based on the original AB fmdings (Raymond et al., 1992) and subsequent follow-

up (Shapiro, Raymond, & Amell, 1994), it was clear that low-level sensory factors or

limitation ofmemory span could not explain the AB. Furthermore, the AB phenomenon

was not limited to visual stimuli either, as auditory and cross-modal versions of the AB

have been developed and bear similar results to the original fmdings (Amell & Jolicoeur,

1999; Amell & Larson, 2002; Mondor, 1998; Hillstrom, Shapiro, &, Spence, 2002;

DeirAcqua et al., 2003). The first theory put forth to explain the AB was the retrieval

competition model (Raymond et al., 1992). In this model an attentional gate opens upon

Tl detection, however this gate is slow to close, and this results in Tl being processed
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along with the 1** stimulus that follows Tl . If the lag 1 item is an X then both Tl and

T2 can be processed successfully. However, if the lag 1 item is a distracter, then the

grouping of these two different stimuli results in confusion determining the specific

features of Tl . As a result, the attentional gate is "locked-down" to allow for the Tl

features to be properly distinguished. This lock-down also impedes the processing of any

further stimuli for a short time (i.e., impairs processing of T2 from about 200 to 500 ms

post-Tl). Thus, the poor accuracy for T2 when it is presented soon after Tl is proposed to

be due to the temporary lock-down of the attentional gate as a result of Tl and the

distracter stimuli that follow it. After the confiision has been resolved the gate is again

opened and T2 can gain entry and this allows for the good T2 performance at long lags.

Another prominent theory of the AB is the bottleneck model (Chun & Potter,

1995). This theory proposes that each stimulus is processed at an initial stage where its

features are represented; however, this initial representation is unstable. Time consuming

attentional resources are required to process targets at a second, more stable level where

the representation of the target is sufficient to allow for correct behavioural report of that

target. Therefore, because stage 2 is bottlenecked, when T2 is presented shortly after Tl,

the initial level processing of T2 is subject to deterioration because it cannot be moved in

the second level of processing (due to the second level being occupied by Tl). Thus, the

poor accuracy for T2 when it is presented soon after Tl is proposed to be due to an

attentional bottleneck whereby all resources are being used to process Tl, preventing

proper T2 processing. Only when Tl has cleared stage 2 can T2 enter, which allows for

good T2 accuracy at long lags.
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Electrophysiological Findings ofthe AB. Recently, researchers have begun to

examine the electrophysiological correlates of the AB, beginning with ERPs time-locked

to the T2 stimuli. A problem with interpreting Tl and T2 ERPs in the classic AB task is

the rapid rate of presentation of stimuli (e.g., 10 items per second): brain activity in

response to the Tl or T2 stimuli would overlap with activity generated from the

distracters prior to and following these targets. While the P300 amplitude for targets is

large enough to overshadow the early processing potentials of distracter stimuli following

them (e.g., Nl, P2), one solution has been to create a difference wave ERP that represents

the unique brain activity associated with a given target. The method in which these

difference waves are created depends on the type ofAB task and what ERP component is

to be examined (e.g., PI, Nl, P300 or N400).

Vogel, Luck, and Shapiro (1998) conducted a series of experiments examining

Nl, PI, P300, and N400 elicited by T2 stimuli using T2 lag positions 1, 3 and 7. Nl and

PI difference waves were calculated: regular T2 trials were subtracted from trials in

which the T2 stimulus was suspended on top of a small white background. In other

words, unique brain activity related to the processing of the small white background flash

was isolated; Nl and PI are reduced when the white backgroimd flash is ignored (Luck &

Hillyard, 1995); thus, reduced Nl and PI amplitude would indicate that the T2 stimulus

was ignored. There was no difference in Nl and PI for the T2 stimulus, whether

participants attended to only T2 (i.e., single-task condition) or attended to both Tl and T2

(i.e., dual-task conditions), for any of the lags. This initial study suggested that the

Attentional Blink was not due to limitations on early processing such as visual encoding.
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Vogel et al. (1998) used an alternate AB task to investigate the N400, a

component that is sensitive to semantic expectancy in that it is larger for semantically

mismatched words (e.g., Jill drank the porch; Kutas & Hillyard, 1980), or even non-word

words (e.g., Jill drank the hillbop; Deacon, Dynowska, Ritter, & Grose-Fifer, 2004)

compared to expected words (e.g., Jill drank the coffee), when presented in the context of

a sentence. Thus, the N400 has been suggested to reflect semantic processing (Kutas &

Hillyard, 1980), or simply, phonological analysis (Deacon et al, 2004). In the task used

by Vogel et al. (1998), each AB stream was primed with a short word and T2 was a word

stimulus. Trials in which the prime word was semantically related to the T2 word

(producing a smaller N400) were subtracted from those in which the prime word was

semantically unrelated to the T2 word (producing a larger N400) to isolate the brain

activity uniquely associated with the semantic activation of T2. As expected the N400

was smaller for the dual-task condition (compared to the single-task condition), but the

N400 was not suppressed as a function of lag position. Because of the preservation of

N400 across lag position, these results suggest that the processing of meaning or

phonological extraction of T2 takes place even if its detection is impaired.

Vogel et al. (1998) also examined the P300 component time-locked to T2. An

alternate AB task was again employed. A difference wave was created by a probability

manipulation: trials on which the T2 stimulus was the white letter "E" (15% of the time)

were subtracted from trials on which the T2 stimulus was another white letter (85%). The

participant's task was to indicate whether the T2 was an "E" or not. The P300 is larger

for a task-defined rare event than for a common task event, so the P300 difference wave

isolates activation due to conscious identification for categorization of T2. As expected.
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the parietally maximal P300 was greatly reduced in amplitude in the dual-task

condition relative to the single task condition. Furthermore, the P300 was virtually non-

existent at lag 3 but it was present at lag 1 or 7. This corresponded with behavioural data

showing reduced accuracy for T2 at lag 3, but not at lags 1 and 7. Thus, the work of

Vogel et al. (1998) indicated that the presentation of Tl influenced conscious

identification and categorization of T2 but not T2-related perceptual or semantic

processes.

Two other noteworthy studies found that electrophysiological activity following

T2 presentation is related to T2 detection accuracy. Kranczoich, Debener, and Engel

(2003) confirmed the absence of a P300 for "blinked" T2s using an alternate difference

wave calculation, (i.e., subtracting T2 "blinked" from trials with no T2 presented).

Specifically, a P300 was elicited by the T2 stimulus in cases where the T2 stimulus was

correctly detected during the attentional blink period; however, missed targets generally

did not result in P300s (Kranczoich et al., 2003). Nakatani et al. (2005) found that EEG

phase synchronization increased when participants correctly identified T2 compared to

when they failed to detect T2. Phase synchronization is thought to measure transient

associations of cortical assemblies (Engel & Singer, 2001), thus it indicates successful

"anticipatory coordination [for successful T2 recall]" (Nakatani et al., 2005, p. 1970).

Given that the T2 detection impairment only occurs when it is preceded by Tl,

brain activity evoked by Tl has been examined in several studies with the aim of

identifying the central nervous system nature of the T2 detection impairment. Shapiro et

al. (2006) found that P300 amplitude to the Tl stimulus was positively correlated with

the attentional blink magnitude for T2 (i.e., in this case, the accuracy of T2 detection for
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the dual-target task compared to the single-target task); lower P300 amplitude to Tl

was related to a shorter attentional blink. In support of this finding, Martens, Elmallah,

London, and Johnson (in press) further found that the P300 to Tl was smallest when T2

was correctly detected. Both of these studies illustrate that the T2 stimulus was fully

processed when fewer attentional resources were allocated to Tl. Martens et al. (in press)

also experimentally increased the amplitude of P300 to the Tl stimuli by manipulating

the probability of stimuli delivery: frequent (75%) or infrequent (25%). The infrequently

presented stimuli will capture attention more readily than frequently presented stimuli. A

more severe AB occurred for the Tl stimuli that were infrequently presented, confirming

that the extent ofTl processing affects T2 detection.

Together, these findings suggest that the magnitude of Tl processing may

moderate the relationship between T2 detection and T2 lag position. In the single-task

condition, where Tl is ignored (i.e., no Tl processing) there is no impairment in T2

detection regardless of T2's lag position (Raymond et al., 1992). However, for the dual-

task condition (where Tl is attended), T2 impairment is a function of both the lag and the

degree of Tl processing (Martens et al., in press).

The most recent electrophysiological investigation ofTl and T2 was conducted

by Sergent, Baillet, and Dehane (2005) who analyzed a T2 difference wave identical to

the type used by Kranczoich et al. (2003): trials in which T2 was presented were

subtracted from trials in which a blank screen was in place of T2. Similar to the findings

of Vogel et al. (1998), Nl, PI, and N400 amplitude did not change based upon whether

or not T2 was correctly detected (Sergent et al, 2005); the early processing (Nl and PI)

and meaning of T2 (N400) was retained even if the presence of T2 was not detected.
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However, correctly detected T2s were associated with a central positive wave at 1 70

ms, a posterior negativity at 276 ms (thought to reflect N2), an anterior negativity at 300

ms (thought to reflect N3) and P300 related activity at 436 ms (P3a) and 576 ms (late

P3b). In addition, a behavioural measure was taken after each trial: a subjective percent

rating ofT2 visibility. When compared to the ERF data, it was apparent that while N2

amplitude decreased linearly with participant's subjective ratings for T2 visibility, N3,

P3a and P3b were only present when T2 was rated as being 50% visible or greater.

In the Sergent et al. (2005) study, the analysis of Tl was accomplished by

calculating a difference wave between trials on which participants were instructed to

attend to Tl and trials on which they were told to ignore Tl. When Tl was presented in

the stream, the N2, P3a, and P3b ERP components were observed; thus, the P3b

attributed to Tl overlapped in time with the T2 lag position. Specifically, this overlap

began at lag 2 position in the stimuli stream where the first signs of T2 detection

impairment typically begin. In other words, there was residual Tl processing occurring at

the T2 lag positions where T2 detection was poor. Sergent et al. (2005) suggested that

impairment of T2 detection at these particular lag positions "might arise fi-om a

competition between the late part of the P3b induced by the task on Tl and the N2 wave

evoked by T2." (p. 1393).

Sleep Loss and the AB. To date, there has only been one brief report on the AB

phenomenon following sleep loss (Santhi, Horowitz, Hilton, & Shea, 2005; conference

abstract). The study employed a 38-hour total sleep deprivation paradigm during which

an AB task was administered that used single-digit numbers for both Tl and T2 presented

amongst the letter distracters. The results showed that Tl accuracy gradually decreased as
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sleep loss continued; however, there was no change in the AB magnitude. Magnitude

was measured as the difference between the percent detection of T2 when only T2 was

attended to (single task condition) and the lowest percent detection of all the T2 lags in

the dual-task condition where both Tl and T2 were attended. This measure was estimated

every 4 hours during sleep deprivation. These results should be interpreted with caution

because the study had a very small sample (n - 5). Furthermore, more comprehensive

study utilizing a electrophysiological measure would provide a better understanding of

the impact of sleep loss on the Attentional Blink pattern.

Rationale and Hypotheses ofthe Present Study

At present, curbing sleep is a serious issue in society that has led to significantly

negative effects on health and safety (Carskadon, 2004). The impact of sleep loss on

human behaviour has been recognized and studied for 110 years. Between the late 1800s

and mid 1900s, early research uncovered several key cumulative deficits such as

increased sleepiness, increased negative mood, and impairment in sustained attention

(i.e., slower reaction time and more reaction time lapses) following periods of total sleep

deprivation (Klietman, 1963). In contrast, impairment in accuracy-based tasks was

equivocal in this early period (Kleitman, 1963). In the 1960s, researchers began to

investigate the deficits following subtle levels of sleep loss (i.e., sleep restriction) and

have since found deficits similar to those observed following total sleep deprivation (e.g.,

Dinges et al., 1997). Moreover, the magnitude of deficits is proportional to the magnitude

of sleep loss and this is referred to as a dose-response effect (i.e., 3 hrs of sleep led to

greater deficits than 5 hrs; e.g., Belenky et al., 2003). In the 1990s, several new

approaches towards the study of sleep loss began, and of these new approaches, imaging
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studies have supported the view that total sleep deprivation results in compensatory

changes in patterns of regional activation (Drummond & Brown, 2001). Individual

differences have also been found in vulnerability to sleep loss as expressed in various

performance (e.g., reaction time) and state (e.g., sleepiness, mood) measures (e.g., Van

Dongen et al., 2004). Finally, consistent deficits have been observed in tasks requiring

novel or creative behaviour (Harrison & Home, 2000a).

Nevertheless, there are gaps remaining in the literature. Specifically, there are

very few studies that apply electrophysiological techniques (ERPs, EEG) to understand

performance instability and failure with varying degrees of sleep loss. The aim of the

present study was to fill these gaps by conducting a sleep restriction study using a dose-

response design and applying electrophysiological measures to sleep and day time

performance on the AB task, and other tasks known to be sensitive to sleepiness (e.g.,

RT). Figure 2 shows the general study procedure. Participants stayed in a sleep laboratory

environment for four consecutive nights, including a baseline night (8 hours), two sleep

restriction nights (where participants were assigned to an 8-, 5- or 3-hour sleep group)

and a recovery night (8 hours). Day time performance tasks were given following each

night: baseline day (B), sleep restriction days 1 and 2 (El, E2) and recovery day (Re). In

particular, the focus of this thesis was to examine day time attention to two targets (i.e.,

the AB task) during varying levels of sleep restriction. The accviracy of the Tl and T2

responses at each lag were recorded in addition to the brain activity at Pz related to Tl

processing (i.e., ERPs time-locked to the Tl stimulus). The AB task has only been

examined with respect to sleep restriction in a single preliminary study without ERPs

(Santhi et al., 2005). Given that the AB is a commonly used dual-task attention task with
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Figure 2. Outline of main protocol. Day: B (baseline), El (sleep restriction 1), E2 (sleep

restriction 2), Re (recovery). Performance assessment batteries delivered at 9AM, 1 1AM

and 1PM. Mood and sleepiness questionnaires administered every two hours.
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a known ERP signature for Tl and T2, it was used in the present study to provide

information on the state of dual-task attention processes following sleep restriction.

General Expectations and Hypotheses. Based on evidence that sleep restriction

leads to cumulative, dose-dependent increases in reaction time, sleepiness and negative

mood (Carskadon & Dement, 1981; Dinges et al., 1997; Van Dongen et al., 2003;

Belenky et al., 2003), a Day (B, El, E2, Re) by Sleep Restriction (8, 5, or 3 hours for

each sleep restriction night) interaction was hypothesized for a variety of the subjective,

performance, and electrophysiological measures. For the 3- and 5-hour groups, a general

quadratic polynomial function similar to that observed in other studies (e.g., Dinges et al.,

1997; Belenky et al., 2003) was hypothesized for Day: performance on El and E2 was

hypothesized to be worse than B and Re, which themselves were expected to be similar

(except that all variables may not return to baseline levels upon recovery sleep).

Performance differences between B and El, B and E2, and E2 and Re were used to

characterize the impact of the sleep loss. Cumulative performance differences between

El and E2 were not probed for statistical reasons (i.e., to prevent splitting the alpha level

even further v^th more Bonferroni corrections) and theoretical reasons (i.e., cumulative

changes over a one day period would probably be small, and the low power of the study

[in part due to a small sample] would make these small changes hard to detect even if

they did occur). The 8-hour control group was not expected to show changes in any

measure across Day. In other words, staying within the confines of the laboratory, by

itself, was not expected to affect participant behaviour.

Hypothesesfor Sleepiness, Mood and Reaction Time. The measures of subjective

sleepiness (Stanford Sleepiness Scale) and mood (Positive and Negative Affect Scale)
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were hj^jothesized to show the general Sleep Restriction x Day interaction. An

increased sleepiness, for the 3- and 5-hour groups was hypothesized from B to El, and

from B to E2, as found in other studies (e.g., Carskadon & Dement, 1981; Dinges et al.,

1997; Van Dongen et al., 2003; Belenky et al., 2003). In accordance with the results of

other studies (Dinges et al., 1997; Belenky et al, 2003), subjective sleepiness ratings

were hypothesized to return to B levels at Re. A decrease in positive mood (and increase

in negative mood) was hypothesized from B to El, and from B to E2 for the 3- and 5-

hour groups, in addition to a return to B levels at Re, in accordance with the results from

other, similar measures ofmood change (Dinges et al., 1997; Van Dongen et al., 2003).

The reaction time task was hypothesized to show the general Sleep Restriction x Day

interaction, specifically, slower mean reaction times, increased lapses, slower 10 %

slowest mean reaction times, slower 10% fastest mean reaction times and increased

reaction time standard deviation means for the 3- and 5-hour groups were expected from

B to El, and from B to E2, as well as a return to B levels at Re (Dinges et al., 1997; Van

Dongen et al., 2003; Belenky et al., 2003).

Hypothesesfor the AB Task. In all groups, performance at B was hypothesized to

follow the pattern found in Raymond et al. (1992): near 90% accuracy for Tl, and T2

accuracy as a ftmction of Lag (i.e., reduced accuracy at shorter lags with the possible

exception of lag- 1 sparing). For T2 accuracy, (which depends on the Lag variable), a Day

X Sleep Restriction interaction was hypothesized; specifically, a reduction in T2 accuracy

on El or E2 for the 3- and 5-hour groups. In other words, an overall decrease in T2

accuracy irrespective of Lag was hypothesized. In addition, a Day x Sleep Restriction x

Lag interaction was hypothesized for T2 accuracy (i.e., a change in AB size). For Tl



'X{' r>.'T'1 *](i;.f i



51

accuracy and AB magnitude (which are not plotted as a function of Lag), a Day x

Sleep Restriction interaction was hypothesized, namely a reduction in Tl accuracy and a

reduction in AB magnitude for the 3- and 5-hour groups on El or E2 compared to B.

Furthermore, the reductions in Tl and T2 accuracy were expected to be more severe for

the 3 hour group than the 5 hour group.

Electrophysiologically, a decrease in P300 amplitude to Tl was hypothesized from

B to El or E2 for the 3-hour and 5-hour groups given the evidence for a decrease in P300

amplitude at Pz for basic target stimuli following sleep deprivation (e.g., Himiphrey et al.,

1994; Lee et al., 2004). This reflects a decrease in attention towards the target Tl

stimulus. Furthermore, P300 amplitude to Tl was hypothesized to be correlated with T2

detection success at B, as found by Martens et al. (in press) and Sergent et al. (2005).

This P300 amplitude decrease was also hypothesized to be correlated with a reduction in

either Tl or T2 accuracy, or a reduction in Attentional Blink size, if these behavioural

variables showed change following sleep restriction (Martens et al., in press; Sergent et

al,, 2005). There is some indication that repeated training over several days does not

diminish the Attentional Blink effect (Braim & Julesz, 1998), and as such, the task

performance (e.g., Tl, T2 and Magnitude) was hypothesized to be stable in the 8-hour

group.
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Methods

Participants

Male and female participants from the Brock University student population and

surroimding community were recruited by poster, radio, and television advertisements for

a 96-hour laboratory study. Volunteers were required to be 1 8 - 35 years old, right-

handed, proficient in the English language, non-smoking, good sleepers (i.e., during

standard hours: approximately 2300 - 0700 hours), and have none of the following:

sleeping disorders, excessive day time sleepiness or fatigue, head injuries, medical

conditions (e.g., diabetes, heart disease, chronic pain, depression, or anxiety), hearing

difficulties, and history of recreational drug use, medication use (except birth control

pills), or shift work. Of the 87 participants who came for an orientation, 10 were rejected

because they did not meet the inclusion criteria; 7 were rejected after polysomnography

(PSG) screening for reason of sleep disorders (e.g., periodic leg movements); 29

participants quit prior to the 96-hour study; 6 participants quit during the 96-hour study

because of sickness or other reasons; 3 participants were removed during the 96-hour

study because ofproblems with their baseline sleep; 2 participants were removed after

the study because of problems with their AB performance (i.e., one for a 92% false alarm

rate, and another for no sensitivity to T2 stimuli).

The final sample size was 36 participants (9 men and 27 women; Mage = 20.44;

SD = 3.25 years) divided among three groups: 3-hour group (n = 13), 5-hour group (n =

11) and 8-hour group (n = 12). A subset of this sample was used for the ERP analysis of

Attentional Blink data because 12 participants had problems with their EEG (8 with EEG

noise; 3 with no Pz data; 1 with EKG artifact interfering with EEG). The sample for the
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ERP analyses thus included 24 participants (5 men; 19 women; Mage = 20.33 +/- 3.63

years) divided among three groups: 3-hour group (n = 7), 5-hour group (n = 8) and 8-hour

group (n = 9). All participants who completed the study were given a $175 honorarium,

or a $ 1 55 honorarium and university course credits.

Materials

Screening Questionnaires. A telephone interview and consent form were used to

ensure that participants understood and met the inclusion criteria (Appendix A and B,

respectively). The telephone interview also included questions on each participant's

average weekday and weekend sleep times. An orientation questionnaire package

included several validated measures including a sleep-wake questionnaire addressing

health and family sleep history (from the Toronto-Western Hospital), the Yoshitake

fatigue questionnaire (Yoshitake, 1978), the Beck Depression Inventory (Beck et al.,

1961), the circadian rhythm questionnaire (Home & Ostberg, 1976), and the IPIP Neo

personality questionnaire (Goldberg & Saucier, 1997). Self-report sleep diaries were used

to docimient recent sleep history (Appendix C) and a menstrual cycle questionnaire was

used at the beginning of the 96-hour protocol to determine menstrual phase for female

participants. i

Sleepiness andMood Assessment Subjective mood was gauged with the Positive

and Negative Affect Scale (PANAS) questionnaire, which presents a list ofpositive and

negative mood adjectives. Participants are instructed to rate the degree to which they feel

each particular mood descriptor at that moment (Watson, Clark, & Tellegen, 1988). The

Stanford Sleepiness Scale (SSS) was used as the measure of subjective sleepiness

(Hoddes et al., 1973; Appendix D); the questionnaire required participants to rate their
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sleepiness at that moment on a scale of 1 to 7, from "feeling active, vital, alert, or wide

awake" to "no longer fighting sleep, sleep onset soon; having dream-like thoughts."

Pre- and Post-Sleep Questionnaires. Pre- and post-sleep questionnaires, both

contained a visual analog scale, the SSS, a fatigue scale and forms on which participants

could rate the severity of any stiffness, aches, or pains. The pre-sleep questionnaire had

additional questions regarding behaviour on the previous day, whereas the post-sleep

questiormaire had participants estimate their sleep time and rate items pertaining to sleep

onset, sleep, and awakening.

Performance Assessment Batteries. All computer tasks were programmed with E-

Prime software (Psychological Tools, Inc.) and administered in laboratory bedrooms on

identical computers with 17" CRT monitors. Three separate computer performance

assessment batteries were created: Practice Battery, Battery A, and Battery B. The

Practice Battery contained shorter versions of some of the complete tasks used in

Batteries A and B. For each of the batteries. Table 1 lists the order of the tasks used and

their respective lengths. The N-Back (Gevins & Cutillo, 1993), Flanker (Eriksen &.

Eriksen, 1979), and Novel P3 tasks (Courchesne, Hillyard, & Galambos, 1975) were

given as measures of short term memory, error detection, and novelty detection,

respectively, but were not the focus of the present study.

In the auditory reaction time task, participants had their eyes focused on an X

centered on the computer screen and listened via earphones for auditory tones. One-

thousand Hz tones of 330 ms were presented (random inter-stimulus interval [ISI] = 2-10

seconds) and participants were instructed to respond to these tones by pressing the zero

key as quickly as possible. There was a response limit of 1000 ms and responses over 500
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Computer Test Administration Approx. Length Tasks

Practice Orientation

Screening Night

lOmin 2/3 N-Back task (4 min)

V2 Flanker task (6 min)

Baseline Night of 35 min
main study

2/3 N-Back task (4 min)

V2 Flanker task (6 min)

Attentional Blink task (20 min)

Novel P3 task [no novel

sounds] (4 min)

Battery A Main study: 32 min
Daily at 0900 and

1300 hours

PANAS [mood] (1 min)

SSS [sleepiness] (15 sec)

N-Back task (6 min)

Auditory RT task (10 min)

Flanker task (14 min)

Battery B Main study: 32 min
Daily at 1100 hours

PANAS [mood] (1 min)

SSS [sleepiness] (15 sec)

Attentional Blink (20 min)

Novel P3 (10 min)

*;
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ms were considered 'lapses.' The reaction time for each trial was displayed for 1

second when a response was within the response limit; otherwise the screen displayed

"No Response Detected." No breaks were given during the 10 minute task.

The classic visual version of the Attentional Blink task was used (Raymond et al.,

1992; see Figure 2). Appendix E contains the instructions given to participants prior to

the task. Suspended upon a grey screen, each trial began with a 1000 ms blank delay,

followed by a center fixation point lasting 1 000 ms and a subsequent 1 000 ms blank wait

period. At this point, 19 stimuli were presented sequentially for 15 ms each in the center

of the screen and each stimulus was followed by a 75 ms blank ISI. Three types of stimuli

made up the sequence: distracters (randomly selected single black upper case letters

except X), a first target (Tl), and a second target (T2). Tl, a single white upper case letter

(except X), was randomly selected for each trial. The position of Tl in the stimuli stream

was randomly set at the 7* stimulus or the 10 stimulus position in order to reduce its

temporal predictability. T2, a black X, was randomly presented 1-8 stimulus positions (or

"lags") after Tl for half of the trials. In the other half of trials, T2 was not presented at all

(i.e., in its place was a random distracter). T2 lag and presence/absence varied randomly

trial to trial with the constraints that T2 occurred equally often on each lag and was only

presented on half of the trials. When the stimulus stream was complete, the computer

prompted the participant to report the Tl letter by pressing the appropriate letter on the

keyboard. The computer then prompted the participants to report if they had observed a

black X by pressing "1" if they thought it had been present or "0" if they thought it had

been absent. :"-
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The Attentional Blink task took approximately 20 minutes to complete and

consisted of a total of 160 trials: 80 trials in which both Tl and T2 were presented and 80

trials in which only Tl was presented (i.e., a distracter was presented in place of T2).

Specifically, the task resulted in 10 data points for each T2 lag position when T2 was

presented and 80 data points for when T2 was not presented. Overall accuracy data were

collected as ratios for both Tl (e.g., number of Tl corrects / total Tl presented) and T2

(i.e., number ofT2 corrects / total T2 where Tl was correctly identified) at each lag

position. Every 32 trials, participants were given an unrestricted break, but most only

took a 10-20 second break.

Electrophysiological Equipment. Digital amplifiers (Tyco Inc.) with a 128 Hz

sampling rate and .0099 to 57.6 Hz hardware filter were used. Gold-plated electrodes

were used in accordance with the modified international 10-20 measurement system

(Pivik et al., 1993). Electrode impedances were checked with manual impedance meters

and computer software to ensure impedances of 5 KOhms or less for EEG sites and 10

KOhms or less for all EOG and EMG sites. EEG was referenced to Fpz and re-referenced

off-line to an average of Al and A2 mastoid sites.

SANDMAN software (Tyco, Inc.) was used for polysomnography (PSG)

recordings at night and filtered with a .1 to 70 Hz filter and an additional 60 Hz notch

filter. The PSG montage contained a recording reference (Fpz), two offline references

(Al, A2), a ground (Afz), a submental bipolar EMG (placed on muscle under chin), scalp

electrodes at frontal (F3, F4), central (C3, C4) and parietal sites (P3, P4), and electrodes

positioned on the outer canthus of each eye to record horizontal eye movement

(horizontal-EOG). A screening PSG montage was used as a sleep disorder screening tool
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and had a similar montage with the exception of a reduction in scalp recordings to the

central sites (C3, C4) and the addition of respiratory bands (chest, abdomen; subjected to

a .1 to 30 Hz filter), and bi-polar leg electrodes (placed on anterior tibialis muscle).

SPYDER software (EBNeuro, Inc.) was used for EEG and ERP recordings during

the day with no additional EEG filters. This day time montage contained a recording

reference (Fpz), two offline references (Al, A2), a ground (AFz), a submental bipolar

EMG (placed on muscle under chin), scalp electrodes [fi-ontal (F3, Fz, F4), central (C3,

Cz, C4), parietal (P3, Pz, P4), and occipital sites (01,0z,02)], and electrodes to record

horizontal (i.e., saccades) and vertical eye movement (i.e., blinks). To record both types

of eye movements, electrodes were placed on the outer canthus above and below the right

eye (vertical-EOG) and a third electrode was placed on the outer canthus below the left

eye (horizontal-EOG).

Procedures *

Procedures were reviewed by and received clearance from the Research Ethics

Board at Brock University (REB #03-373). The study time line consisted of recruitment,

an in-lab orientation, a PSG screening night, and the main 96-hour in-laboratory protocol.

Participants were recruited through posters, classroom presentations, and newspaper and

radio advertisements targeted towards Brock University students and the surrounding

community. Initial contact began with a telephone interview to determine if the inclusion

criteria were met and was followed by a one-hour orientation session in the Sleep

Research Laboratory. The orientation included a tour of the Sleep Research Laboratory, a

detailed description of the study procedures and rules, informed consent, a hearing test,

the orientation questionnaire package, and the practice computer battery shown in Table
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1. Practice batteries were used to ensure understanding of certain tasks and to control

for learning effects. To reduce the chance ofmovement or blink artifact during testing,

participants were instructed on the importance of minimizing imnecessary movement

during the battery and to keep their eyes focused on the screen. Task instructions were

read by the participant and reiterated by the research assistants. Following the practice

battery, test performance was examined to ensure that participants understood the tasks

(i.e., check for the number of correct or incorrect trials that would be expected).

Participants were then given a guide outlining the study dates and rules. Participants were

removed from the study if the orientation revealed that they did not meet the inclusion

criteria. ( ^ •

If eligible to continue, participants took part in a screening night that began

around 2100 hours. Participants completed the practice computer battery (identical to the

test given at orientation), prepared for bed, and had electrodes attached according to the

screening PSG montage. Participants were given 8 hours' time in bed (2300- to 0700-

hours) and impedance checks on electrodes were conducted before and after sleep to

ensure signal quality. Washroom use was permitted during the night and participants

were only disturbed if an electrode required rescrubbing or reattaching. Participants were

given the sleep diary the following morning with the instruction to begin it 6 - 7 days

prior to the main study. Each screening night was reviewed by a clinical technician and

participants were excluded from the remainder of the study if any sleep disorders were

present (e.g., apnea, periodic leg movements).

Figure 2 shows the 96-hour study protocol that began on Thursday evening (2030

hours) and finished Monday afternoon (1530 hours). For the entirety of the study, the
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participant remained in the laboratory. Each participant was assigned a bedroom and

either participated alone or with one other participant. A team of research assistants

monitored participants to ensure adherence to study rules, which included no naps, no

vigorous exercise, no caffeine, no unscheduled eating, no electronic gadgets (e.g., no

computers, mp3 players, cell phones, palm pilots) and no movies until after the day's final

computer tests. In addition, all areas of the laboratory (except the bathroom) were video-

recorded to monitor participants' behaviour.

Participants' sleep was controlled. On the first night (baseline night) and last night

(recovery night) the participants' time in bed was set at 8 hours (2300- to 0700-hours).

The second and third nights (sleep restriction nights) were set at 3 hours (0400- to 0700-

hours), 5 hours (0200- to 0700-hours) or 8 hours time in bed (2300- to 0700-hours) for

each night, so that the time between waking (0700 hours) and the first performance

assessment battery (0900 hours) was the same for each group. Participants were

randomly assigned to a Sleep Restriction group (3-, 5- or 8-hour) using a random number

generator (Haahr, 1998) and only told of their condition after baseline testing was

completed. Research assistants were blind to the participants' conditions until the

participant was told. Night sleep was monitored with the PSG electrode montage on the

SANDMAN systems and impedances were checked prior to and following the night's

sleep. An overnight technician was present throughout the night to resolve any signal

issues, and to allow the participant bathroom use, ifnecessary.

Day time computer tests took place on the bedroom computers with the doors

closed. A practice battery was given on Thursday night (Practice; PI) that began shortly

after participant's arrival at 2030 h. On Friday (Baseline 1; B), Saturday (Sleep
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Restriction 1; El), Sunday (Sleep Restriction 2; E2), and Monday (Recovery; Re), day

time batteries were administered three times each day: 0900-hour (Battery A: 35

minutes), 1 100-hour (Battery B: 30 minutes), and 1300-hour (Battery A: 35 mmute).

With the exception of Thursday night, day time computer tests were monitored with

electrodes using the SPYDER system. Impedances were checked prior to and following

each battery. Before the performance Battery A on the first day (B), participants were

shown the artifact created from their own eye blinks and told how this blinking masks

other brain activity being recorded. Participants were then mstructed on the importance of

not blinking during the tasks and to reserve blinking for the scheduled breaks. During all

day tune testing, assistants monitored EEG signals and the bedroom video to identify any

blinking or body movement during tasks. If there was blinking or movement, an intercom

system was used to ask the participant to try to stop these activities. Day time electrodes

were removed each day following the last computer test (around 1345 h).

A mood questiormaire (i.e., PANAS) was given every 2 hours beginning at 0900

hours and finishing at 21 00-, 2300- or 0100-hours for those in the 8-, 5- or 3-hour

restriction group, respectively. A subjective sleepiness questionnaire (i.e., Stanford

Sleepiness Scale) was given at the same times; however, the 0900-, 1 100- and 1300-

hours administrations were filled out on the computer rather than on paper.

When not completing computer tests or questionnaires, participants were able to

read, write, and play board games/cards with the research assistants. Showering took

place immediately after waking and again after day time testing was complete. Meals

were provided with the goal of a nutritionally balanced meal with no caffeine or desserts,

and milk only at breakfast. Meals were given at three times: 0730- (cereal, toast, juice,



(:•

»

i - :.<:"\y



62
milk), 1200- (variety of foods such as pizza, sandwiches, and hamburgers) and 1730-

hours (similar variety as for lunch but larger meals). Snacks (e.g., granola bars, fruit and

nut snacks) were provided at 1500- and 2100-hours (and 2400- and 0300-hours if awake).

Limch and supper were provided by Brock University Food Services and take-out

community restaurants. Water and non-caffeinated, sugar-free soda were available at all

times but juice and milk were only permitted at breakfast. Figure 3 presents a time line of

an example day for participants in the 8 hour group.

The testing procedure on the final study day (Re) was identical to the previous

days except that the study ended following the mood and sleepiness questionnaires given

at 1500 hours; however, participants were not told the precise time of study completion in

order to control for end of experiment effects. Participants were debriefed and asked to

comment on their nightly sleep and satisfaction with food and other accommodations.

Furthermore, participants were also asked about their motivation and performance

regarding the computer tests (i.e., as a fimction of condition, testing time and specific

tasks). General feedback was taken at this time as well.

Data Analysis

Behavioural data were reduced and collapsed for several variables. Sleepiness

ratings (i.e., SSS) completed every 2 hours in wakefiilness were collapsed into daily

averages (i.e., 0900- to 1500-hours). Mood ratings (i.e., PANAS), also completed every 2

hours in wakefiilness, were split into two groupings (i.e., ratings of positive moods and

ratings of negative moods). Mood ratings completed between 0900- to 1500-hours were

collapsed into daily averages, with positive and negative mood separated. Reaction time

task data were not collapsed, and were analyzed separately for the 0900 hours and 1300
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hours testing times, for mean reaction time, reaction time lapses, 10 % slowest mean

reaction times, 10% fastest mean reaction times and reaction time standard deviation

means.

Overall accuracy scores for Tl and T2 in the AB task were used to derive two

other types of behavioural data: AB magnitude and bias to say T2 was present. Three

measures ofmagnitude were calculated: standard subtraction method (T2 maximum

accuracy - T2 minimum accuracy), cumulative area method ([T2 lag 8 accuracy - T2 lag

7 accuracy] + [T2 lag 8 accuracy - T2 lag 6 accuracy] + . . . until lag 1), and the method

used by Martens, Mimneke, Smid, & Johnson, 2006 where a measure of the average

difference between Tl and T2 accuracy for lags 2 and 3 was expressed by the following

formula: { [( Tl accuracy at Lag 2 - T2|T1 accuracy at Lag 2) / Tl accuracy at Lag 2 ] +

[( Tl accuracy at Lag 3 - T2|T1 accuracy at Lag 3 ) / Tl accuracy at Lag 3] }
* 50. To

examine whether potential differences in T2 accuracy could result from a differential bias

to say "present" to T2 across the Sleep Restriction groups, a measure of T2 bias was also

calculated with the following formula: {(z(HIT) - z(FA)) * (z(HIT) + z(FA)) * .5}. In

this formula HIT represents the proportion of T2 hits (i.e., saying present when T2 was

presented) and FA represents the proportion of T2 false alarms (saying present when T2

was absent).

Electrophysiological data were also reduced for analysis. Physiological data for

each of the nights were sleep-stage scored. Scoring was completed by four scorers

according to the Rechtschaffen and Kales (1968) standardized criteria; inter-rater

reliabilities were above 90%. Reports of total sleep time, percent sleep efficiency (ratio of

total sleep time to time asleep), sleep onset latency, and the latency and percentage for
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stage 1, stage 2, SWS (slow wave sleep; an average of stages 3 and 4), and REM sleep,

were calculated from the scoring reports.

ERPs were time-locked to the presentation of the Tl stimulus in the AB task. For

ERP analyses, electrode site Pz was used and Tl trials were only included when T2 was

presented at lags 5-8 or not presented at all. This trial selection decision was made to

prevent T2 ERPs from overlapping with Tl ERPs. Automatic detection ofEOG chaimel

activity +/- lOOuV (indicating blinks), and visual inspection for blinks and movement

were used to reject trials. A 828 ms sweep time was used, which included a 70 ms

baseline. Tl ERP averages for each group (3-, 5- and 8-hour) were calculated for each

Day (i.e., B, El, E2, Re), and visual inspection of these averages revealed a P300 for all

groups on all Days. Traditional peak picking for P300 amplitude yielded null results (not

reported here), thus to gauge changes in P300 more holistically, Data Point Averaging

(DPA) of the P300 was used to quantify the changes in P300 amplitude following the

sleep restriction manipulation. Appendix F shows the Tl P300 ERPs split by Sleep

Restriction group (i.e., 3, 5, and 8).

To calculate the DPA values, grand average ERPs were first calculated across

Day for each Sleep Restriction group (3-, 5- and 8-hour) in order to determine the length

of the P300 wave elicited by Tl for each group: the length of the P300 was operationally

defined as the point the P300 deviated from baseline, to the end of the P300. The P300

lengths were 304 ms, 242 ms and 320 ms for the 8-, 5- and 3-hour groups, respectively.*

The DPA analysis was applied to all Day levels (i.e., B, El, E2, Re) for each participant

' Estimates of P300 length were also calculated individually (for those in the 3 hour Sleep Restriction

group), but these statistical outcomes did differ from the group estimates ofP300 length. Based on this,

group estimates are all that is reported in the results.
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using their group's P300 length as the DPA sweep time. The DPA analysis took all

amplitude points (nV) of the P300 wave, averaged them, and multiplied this niunber by

the length of the DPA sweep time. Thus, DPA was quantified as |jV x seconds (i.e.,

seconds = DPA sweep time). DPA represented the P300 amplitude to Tl at Pz (i.e., the

amount of attention allocated to the Tl stimulus). All ERP data presented on P300

amplitude were DPA values.

A Day (B, El, E2, Re) x Sleep Restriction (3-, 5-, 8-hours) mixed-model Analysis

of Variance (ANOVA), with Day as a within-subjects variable, was used as the general

statistical model for most dependent variables: 1) sleepiness, 2) positive and negative

mood, 3) all reaction time variables, 4) AB Tl accuracy, 5) AB magnitude, 6) AB T2

bias, 7) P300 amplitude to Tl. The first exception to this general model was T2 accuracy,

which also included Lag as a wdthin-subjects variable in addition to Day and Sleep

Restriction. The second exception was a 1-way ANOVA (Sleep Restriction) run at Re to

determine changes in SWS percent and latency. Type one error was set at a = .05 for all

statistical analyses, and violations of sphericity were corrected using Greenhouse-Geiser

adjustment. The original degrees of fi^eedom were reported, regardless of whether

sphericity was violated. Post-hoc comparisons were conducted with t-tests using

Bonferroni-corrected significance levels separately for each group, comparing B to El, B

to E2, and E2 to Re.
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Results

Sleep History and Architecture

Prior to 96-hour Protocol. Participants' sleep behaviour prior to the study was

typical for young adults. Table 2 shows participant's estimated average sleep for

weekdays and weekends, and their scores on the circadian rhythm questionnaire.

Weekday sleep was within the normal 7- to 9-hour range with participants sleeping more

on weekends (National Sleep Foundation, 2002). Furthermore, all groups were within the

42-58 range for the circadian rhythm questionnaire, which confirmed that participants

on the whole were neither morning nor evening types (Home & Ostberg, 1976).

During 96-hour Protocol. Sleep-scored EEG from the study nights provided

evidence that the sleep restriction manipulation was successfiil. Table 3 shows the

average sleep time and related sleep efficiency for each study night, according to Sleep

Restriction group membership. As seen fi-om the table, actual sleep times conformed to

the intended sleep manipulations and the average sleep efficiency for the four study

nights was above 92% in all groups. Table 4 shows the means and standard deviations for

all sleep architecture variables. Table 5 shows the 1-way Sleep Restriction ANOVA

tables for Stage 2, SWS and REM percentage, and SWS latency on the recovery night.

The ANOVAs revealed significant differences between groups for SWS latency and

Stage 2 latency, and a strong trend for SWS percent (see Table 5). Post-hoc tests showed,

as expected from Borbely's two-process model of sleep-wake regulation (1982), that the

3-hour group had a smaller SWS latency than the 8 hour group, / (23) = 2.72,p < .013;

however, no differences were fovmd between the 5- and 8-hour group, / (21) = -1.54,p =
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Table 2

Means and Standard Deviationsfor Estimated Weekday Sleep (hours), Estimated

Weekend Sleep (hours) and Morningness-Eveningness Scores.

Sleep Weekday Sleep Weekend Sleep Morningness-Eveningness

Restriction Score

3 hour 7.96 (.80) 8.88(1.17) 52.18(7.86)

5 hour 7.50 (.81) 9.27(1.03) 52.00(7.00)

8 hour 7.71 (.50) 8.83 (.91) 51.17(7.16)

Table 3.

Means (and Standard Deviations) for Average Hours Asleep and Percent Sleep

Efficiency as a Function ofSleep Restriction and Day.

Average Hours
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Table 4.

Means and Standard Deviationsybr Sleep Onset Latency (SOL), andpercentage (%) and

latency (lat; in seconds) for Stage I (SI), Stage 2 (S2), Stage 3 (S3), Slow Wave Sleep

(SWS), and Rapid Eye Movement Sleep (REM) as a Function ofSleep Restriction and the

Night ofSleep (Nl: First Night; N2: Second Night; N3: Third Night; N4: Fourth Night).
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Table 5.

ANOVA tablesfor latency (minutes) andpercentagefor Stage 2, SWS andREMfor SWS
Recovery Sleep as a Function ofSleep Restriction.

Stage 2 Percentage
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.138. Post-hoc tests also showed that the 3 hour group had a smaller Stage 2 latency

compared to the 8-hour group, t (23) = 4.66, /? < .001

.

Measures ofDay time Performance and Well-being

Interactions for the Sleep Restriction x Day ANOVAs for the subjective

sleepiness, mood and reaction time variables also indicated that the sleep restriction

manipulation was successful. Means and standards deviations for each variable are

displayed along with the associated ANOVA tables, and the strongest interactions of

these variables are displayed in Figure 4. Post-hoc tests indicated no change in the 8 hour

control group for sleepiness, positive mood or reaction time variables, ps > .05, indicating

that the laboratory isolation itself did not contribute to changes in these variables.

Subjective Sleepiness. A Sleep Restriction x Day ANOVA revealed a significant

interaction for the daily average of subjective sleepiness (see Table 6). As predicted, the

3- and 5-hour groups showed an increase in sleepiness from B to El (/ (12) = 4.83,/? <

.001; t (10) = 3.17,/? < .01 1, respectively) and from B to E2 (/ (12) = 6.5\,p< .001; /

(10) = 6.07,/? < .001, respectively). These groups also displayed a recovery effect:

sleepiness decreased from E2 to Re, t (12) = 4A4,p< .002; t (10) = 5.07,p< .001,

respectively. Also, there was a significant between groups affect for Sleep Restriction.

Positive and Negative Subjective Mood. Daily average values of subjective

positive mood showed a significant Sleep Restriction x Day interaction (see Table 7).

Similar to the pattern of results for subjective sleepiness, the 3- and 5-hour groups

displayed a decrease in positive mood firom B to El (t (12) = 6.l6,p< .001; / (10) =

6.44,p < .001, respectively), a decrease from B to E2 (t (12) = 7.44,p < .001; t (10) =

7.40,p < .001, respectively), and a recovery ofmood (i.e., increase in positive mood)
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Table 6.

Means (and Standard Deviations) andANOVA tables for Average Daily Sleepiness as a
Function ofSleep Restriction and Day.
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Table 7. '

Means (and Standard Deviations) andANOVA tables for Negative Mood and Positive

Mood as a Function ofSleep Restriction and Day.

Negative Mood (0900 - 1500 hours
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from E2 to Re, / (12) = 4A0,p < .002; t (10) = 3.16,;? < .01 1, respectively. Daily

average values of subjective negative mood showed a significant Sleep Restriction x Day

interaction (see Table 7). However, post-hoc tests revealed that only the 3 hour group

showed changes across Day: a reduction in negative mood from E2 to Re, t (12) = 3.43, p

< .006.

Mean Reaction Time. A Sleep Restriction x Day ANOVA conducted on mean

reaction time for the 1300 hour testing session showed a significant interaction (see Table

8). The 3 hour group was the only group that showed post-hoc change across Day:

reaction time became slower from B to El and from B to E2 (? (12) = 3.81,/? < .003 and /

(12) = 3.55,p < .005, respectively), and faster reaction times were observed from E2 to

Re, ^ (12) = 4.29,p < .002. Mean reaction time for the 0900 hours testing session also

showed a significant interaction for the Sleep Restriction x Day ANOVA (see Table 8).

Post-hoc tests revealed that the 3 hour group's mean reaction time became slower from B

to E2 (/ (12) = 2.76,p< .018), and their mean reaction times became faster from E2 to Re

(/(12) = 4.88,;?<.001).

Reaction Time Lapses. Reaction time lapses from the 1300 hour testing session

showed a significant Sleep Restriction x Day interaction (see Table 9). Post-hoc tests

revealed that the only significant change across Day was in the 3 hour group, namely, an

increase in lapses from B to El, ^(12) = 2.193,p < .017. Unlike, the 1300 ho\ir testing,

reaction time lapses for the 0900 hour testing session did not show a significant Sleep

Restriction x Day interaction (see Table 9). A Day main effect was observed, F (1 .35,

44.42) = 3.1\,p< .05, partial r^ = .10), but with no post-hoc differences between Sleep

Restriction groups.
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Table 8.

Means (and Standard Deviations) andANOVA tables for Reaction Time Mean (0900
and 1300 hours testing) as a Function ofSleep Restriction and Day.

Reaction Time Mean (0900 hours)





Table 9.

77

Means (and Standard Deviations) andANOVA tables for Reaction Time Lapses (0900
and 1300 hours testing) as a Function ofSleep Restriction and Day.

Reaction Time
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10% Fastest Reaction Time Mean. A Sleep Restriction x Day ANOVA

conducted on 10% fastest reaction time mean for the 1300 hour testing session showed a

significant interaction (see Table 10). Post-hoc tests revealed changes in the 3 hour

group: the 10% fastest reaction time became slower fi-om B to El and from B to E2 (/

(12) = 5.00,p< .001 and / (12) = 4.56,p < .002, respectively), and became faster from E2

to Re, / (12) = 2.90,;? < .014. Unlike the 1300 hour testing session, the 10% fastest

reaction time mean for the 0900 hours testing session did not show a significant

interaction for the Sleep Restriction x Day ANOVA (see Table 10); however, a Day main

effect was observed: the 10% fastest reaction time means became slower across Day.

]0% Slowest Reaction Time Mean. A Sleep Restriction x Day ANOVA

conducted on 10% slowest reaction time mean for the 1300 hour testing session showed a

significant interaction (see Table 11); however, only one post-hoc differences was

observed: the 3 hour group 10% slowest reaction time mean became slower from E2 to

Re, t (12) = 4.13,;? < .002. The 10% slowest reaction time mean for the 0900 hours

testing session, however, only showed a Day main effect (see Table 1 1): the 10% slowest

reaction time means became slower across Day.

Reaction Time Standard Deviation Mean. A Sleep Restriction x Day ANOVA

conducted on reaction time standard deviation mean for the 1300 hour testing session

showed a significant interaction (see Table 12). Post-hoc tests showed that, in the 3 hour

group, reaction time standard deviation mean became larger fi"om B to El and fi^om B to

E2 (t (12) = 4.39,;? < .002 and / (12) = 4.99,p < .001, respectively), and smaller standard

deviation means were observed fi-om E2 to Re, / (12) = 3.48,p < .006. Reaction time

standard deviation mean for the 0900 hours testing session did not show a significant
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Table 10.

Means (and Standard Deviations) andANOVA tables for 10% Fastest Reaction Time

Mean (0900 and 1300 hours testing) as a Function ofSleep Restriction and Day.

10% Fastest Reaction Time Means (0900 hours)

Sleep

Restriction

Day
B El E2 Re

3 hour

5 hour

8 hour

198.92(17.79)

195.72 (20.05)

206.94 (30.96)

205.52 (23.44)

207.79 (29.45)

208.84 (23.97)

210.17(33.43)

212.66(23.94)

204.89 (33.47)

191.06(21.99)

204.50(24.13)

204.37 (30.04)

Source SS df partial r\

Day
Day X Sleep

Restriction

Error

Sleep Restriction

Error

Within Subjects

2394.21 3 4.18

2058.43 6 1.80

18903.31 99

Between Subjects

647.51 2 .14

74062.97 33

.11

.10

.01

.008

.107

.866

10% Fastest Reaction Time Means (1300 hours)
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Table 11.

Means (and Standard Deviations) andANOVA tables for 10% Slowest Reaction Time

Mean (0900 and 1300 hours testing) as a Function ofSleep Restriction and Day.

10% Slowest Reaction Time Mean (0900 hours)
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Table 12.

Means (and Standard Deviations) andANOVA tables for Reaction Time Standard

Deviation Mean (0900 and 1300 hours testing) as a Function ofSleep Restriction and
Day.

Reaction Time Standard Deviation Mean (0900 hours)
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interaction for the Sleep Restriction x Day ANOVA (see Table 12), but a Day main

effect was observed: reaction time standard deviation mean increased across Day.

AB

Tl Accuracy. Table 13 displays the means, standard deviations and ANOVA table

for Tl accuracy. As predicted, Tl accuracy for each group was very high: at baseline all

group averages were above 92%. Contrary to prediction, no interaction was found for a

Sleep Restriction x Day ANOVA for Tl accuracy in spite of a dose-response decrease in

Tl accuracy being visually suggested in Figure 5 (see Table 13). A trend for a Day main

effect was found in which Tl accuracy decreased across Day (see Table 13).

T2 Accuracy. The means, standard deviations and ANOVA table for T2 accuracy

are shown in Table 14. The Sleep Restriction x Day x Lag ANOVA for T2 accuracy

showed an expected Lag main effect (i.e., T2 accuracy worse at lower lags), (see Table

14); however, T2 accuracy was generally lower than expected, indicating the possibility

of a floor effect at short lags (see Figure 6). Unexpectedly, no Sleep Restriction x Day

interaction was observed, and as well, no 3-way interaction was observed for this analysis

(see Table 14); in our sample, neither overall T2 accuracy nor AB size showed changes

following sleep restriction. In terms of T2 response bias, for the Sleep Restriction x Day

ANOVA, there was no interaction, and no between groups main effect (see Table 15 for

means, standard deviations and ANOVA values).

AB Magnitude. Sleep Restriction x Day ANOVAs were run for AB magnitude

(i.e., 'depth' of the AB). Means, standard deviations and ANOVA tables for the standard

subtraction method, the cumulative area method and the method used by Martens et al

(2006) are shown in Tables 16, 17 and 18, respectively. No interactions were observed
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Table 13.

Means (and Standard Deviations), andANOVA tablesfor AB Tl Accuracy in Ratio Form

as a Function ofSleep Restriction and Day.
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Figure 5. Tl accuracy in ratio form plotted by Day (B, El, E2, Re) and Sleep Restriction:

3 hour (triangle), 5 hour (square) and 8 hour (circle).
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Table 14.
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F/^re <5. T2 accuracy in ratio form plotted by Day (B, El, E2, Re), lag (1-8), and

Sleep Restriction: 3 hour (triangle), 5 hour (square) and 8 hour (circle).
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Means (and Standard Deviations), andANOVA tablesfor T2 Response Bias (logB) by
Sleep Restriction and Day.
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Table 16.

Means (and Standard Deviations), andANOVA tablesfor AB Magnitude (standard

subtraction method) by Sleep Restriction and Day.
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Table 18.

Means (and Si

Martens et al,
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for the standard subtraction or cumulative area measure, but a significant interaction

was found for the Martens et al. (2006) measure (see Tables 16, 17 and 18, and Figure 7).

However, follow-up one-way Day ANOVAs for each group revealed that the change was

within the 8-hour control group, but post-hoc t-tests showed no significant differences

between Day, allps > .27. Due to the difficulties in interpreting this finding, it was not

investigated fiirther.

Tl P300 Across Day. Table 19 displays the means (and standard deviations) and

ANOVA tables for P300 amplitude for Tl split by group. One-way Day ANOVAs were

run for the 3 hour, 5 hour, and 8 hour groups (see Table 19), but none of these ANOVAs

were significant (see Figure 8). Sleep restriction did not produce changes in Tl

processing in our sample. A visual inspection of this outcome, suggested that there was a

possible reduction in P300 amplitude for Tl from from B to E2 for the 3 hour group.

Furthermore, considering that the effect of a recovery night was unexpected for some of

the groups (i.e., 5- and 8-hour group actually appeared to have a P300 amplitude decrease

from E2 to Re), and given that the 'recovery' effect of recovery nights has not always

been consistent in the literature, the Re testing day was removed from the Day variable as

?ipost-hoc effort to reduce variability and focus specifically on the sleep restriction aspect

of the study design. Table 20 shows the new ANOVA tables for each group. Confirming

these suspicions, the new one-way Day (B, El, E2) ANOVA for the 3-hour group was

significant (see Table 20). Specifically, DPA for Tl decreased from B to E2 (j (6) = 3.26,

p < .018), indicating that Tl was processed to a lesser extent following two nights of 3

hours of sleep as compared to baseline.
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Figure 7. AB magnitude (method used by Martens et al., 2006) plotted by Day (B, El,

E2, Re) and Sleep Restriction: 3 hour (triangle), 5 hour (square) and 8 hour (circle).
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Table 19.

Means (and Standard Deviations), andANOVA tablesfor the Tl P300 Amplitude by Day,

separated by Sleep Restriction.
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3 Hour Group

6 Hour Sroup
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Table 20.

ANOVA tablesfor the Tl P300 Amplitude by Day, Separated by Sleep Restriction groups,

Following Removal ofRecovery Datafrom Day.

3 Hour Group
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Tl P300 Correlations. Beginning at baseline, P300 amplitude for Tl at

baseline was found to be positively correlated with baseline Tl accuracy averaged across

lags (r(23) = A2,p < .04); however, baseline P300 amplitude for Tl was not correlated

with baseline T2 accuracy averaged across lags (r(23) = .001; p = .997). Figure 9 shows

both correlations. Furthermore, P300 amplitude for Tl at baseline was also not correlated

with any measure ofAB magnitude: standard subtraction measure (r(23) = .2%,p = .18),

cumulative area measure (r(23) = .05; p = .80), and the Martens et al. (2006) measure

(r(23) = .08; J?
- .70). Finally, P300 amplitude for Tl was not correlated with subjective

sleepiness (r(23) = -.28;/? = .19) or mean reaction time (r(23) = .\0;p = .63) at E2.

General Correlations. Using the larger behavioural sample and focusing on the

sleep restriction 2 (E2) performance, subjective sleepiness was not correlated with Tl

accuracy, T2 accuracy or any of the AB magnitude measures, sWps > .05. Similarly, at

E2, mean reaction time was not correlated with measures of Tl accuracy, T2 accuracy or

any of the AB magnitude measures, all ps > .05.
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Figure 9. Baseline Tl P300 DPA correlations with Tl and T2 accuracy at baseline.
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Discussion

Following a 96 hour in-laboratory protocol involving sleep restriction (i.e., 3 or 5

hours) or control sleep (8 hours) for 2 days, there were expected changes in sleepiness,

positive mood and reaction time measures (e.g., mean, lapses); however, there was only

minimal evidence for impairment in the AB task. Despite evidence for an AB effect

elicited at baseline and on all subsequent testing days, the present study did not find

behavioural changes in accuracy for Tl or T2, AB magnitude, or T2 response bias

following sleep restriction. However, the P300 component for Tl was reduced in size on

the 2" day of 3 hours of sleep restriction, suggesting that Tl may have been processed to

a lesser degree following a brief period of sleep restriction.

Measures ofDay Time Performance and Well-being. Although several null

outcomes were found from the AB task, they were also in the context of significant,

expected changes in subjective sleepiness, positive mood and reaction time. Furthermore,

sleep architecture data indicated that sleep efficiency was high for all study nights,

confirming the intended separation between the 3-, 5- and 8-hour groups in terms of sleep

amount. All together, these variables demonstrated that the sleep restriction manipulation

was successful.

Subjective sleepiness measures typically show robust increases in sleepiness

following sleep loss (e.g.. Van Dongen et al., 2003), and in the present study, the dose-

response pattern found for sleepiness was identical to the predicted interaction pattern for

3-, 5-, and 8-hour sleep restriction groups. Furthermore, vmlike studies of the past (e.g.,

(Carskadon & Dement, 1981; Dinges et al., 1997; Van Dongen et al., 2003; Belenky et
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al., 2003), an increase in sleepiness was observed from baseline to the first night of

sleep restriction, for both sleep restriction groups. In sum, subjective sleepiness varied

according to the magnitude of sleep restriction.

There have been indications in the literature that the strongest effects of sleep loss

can actually be observed in subjective mood measures (Pilcher «& Huffcutt, 1996), rather

than sleepiness or performance measures. In this respect, similar to a recent meta-analysis

(Pilcher & Huffcutt, 1996), positive mood decreased following sleep restriction. Like

subjective sleepiness variables, subjective positive mood followed a prominent dose-

response pattern, including changes from baseline to sleep restriction 1 and 2, and

recovery ofmood following a single recovery night. However, negative mood did not

show a very strong interaction: the only significant post-hoc change was in the 3 horn-

group, where mood became less negative following a recovery sleep. It is unclear why

there were dose-response changes observed for positive mood but not negative mood.

One possibility is a social desirability bias, whereby participants felt more comfortable in

shoving the researcher that their positive mood was decreasing rather than showing that

their negative mood was increasing. Another is that the extent of sleep restriction was

sufficient to reduce positive feelings, but not sufficient to promote negative feelings.

The PANAS, which only has two mood categories (i.e., positive and negative),

has not typically been used in sleep loss studies. Usually, the POMS is used in these types

of studies (e.g., Penetar et al., 1993; Dinges et al., 1997; Scott, McNaughton, & Polman,

2006; Cote, in preparation). The POMS, unlike the PANAS, is composed of six specific

mood categories. Another small conceptual difference is that the POMS categories are

primarily negative in nature (i.e., tension, depression, anger, confusion, fatigue).
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However, both scales present mood adjective items that are 'positive', the negative

nature of the POMS categories are simply just the way the scale is summarized. Finally,

the PANAS is also shorter than the POMS (i.e., 20 items versus 65 items, respectively).

Thus, the present study's results partially support the use of the PANAS to determine

general affective states following sleep loss, especially when time constraints for

questionnaire administration are present, and the researcher is interested in changes in

positive mood. '

Reaction time variables also showed expected changes following sleep loss (i.e.,

slower mean reaction times, slower 10% fastest reaction times, larger reaction time

standard deviations, and increased lapses), but this was only true for the 3-hour group.

However, the absence of any impairment in the 5-hour group was unexpected given the

historical use of reaction time tasks as measures extremely sensitive to sleep loss (e.g.,

Weiskotten & Fergusson, 1930; Van Dongen et al., 2003). This is especially true for

reaction time lapses, which are considered one of the most sensitive performance metrics

for measuring the impact of sleep loss on attention (Williams et al., 1959, Lisper &

Kjellberg, 1972; Dinges et al., 1997). Furthermore, the parameters for defining lapses that

were used in the present study were from Dinges and Kribbs (1991) which, in other

studies, have been found to be highly sensitive (e.g., Dinges et al., 1997, Van Dongen et

al., 2003, Belenky et al., 2003). However, the meta-analysis conducted by Pilcher and

Huffcutt (1996) fovmd that total sleep deprivation had the least effect on cognitive ability

and motor performance (as opposed to mood), so this may help explain the outcome for

reaction time variables used in the present study. -
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AB Behavioural Performance. The strong main effect of lag for T2 accuracy

and high Tl accuracy at baseline indicated that the task, which was required to be shorter

for procedural reasons, was functionally equivalent to the AB task given in Raymond et

al. (1992). However, there are two points of concern for the baseline data. First, in

contrast to the seminal AB study (Raymond et al., 1992), no lag-1 sparing was observed

for T2 accuracy. However, several studies have reported an otherwise normal AB lag

effect without lag-1 sparing (e.g., Visser et al., 1999). Second, T2 accuracy was generally

low despite showing the characteristic lag pattern. This may have resulted in a floor

effect, in which T2 accuracy could not move any lower at short lags, even following

sleep restriction. There are some possible explanations as to why the T2 accuracy was

generally low. For one, the confidence level at which participants would begin to report

the presence of T2 was set in the task instructions; specifically, participants were asked to

say the T2 was absent unless they were "pretty sure it was there" (emphasis added).

While these are typical instructions given for the AB (Karen Amell, personal

communication), it is possible that the participants in our sample may have interpreted

'pretty sure' too literally, such as if they only reported T2 when they were 90% sure,

rather than, say when they were 75% sure. In support of this idea, only one opportunity

was given to practice the task prior to the study (before bed on the first night of the

study). Thus, participants may have interpreted 'pretty sure' this way purposely to ensure

that they properly completed the task and then continued using that interpretation for the

remainder of the study.

A second explanation for the generally low T2 accuracy involves the ambient

lighting provided during testing. The lighting in the bedrooms where computer testing
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took place was on a dimmer switch that was only moderately bright even on its

highest setting. Therefore, given that Tl was a white letter and T2 was a black letter, and

given that they were both presented against a dark grey background, only T2 accuracy

would be expected to be impaired under these lighting conditions. This may help to

explain why the 20-30% decrease in T2 accuracy affects all Lag positions, and why there

is no such impairment for Tl accuracy. This possibility could be empirically tested by

comparing Attentional Blink performance in different levels of light (i.e., varying lux).

Moving on from these concerns, the Tl and T2 accuracy data showed that there

was no statistically significant change in Tl accuracy in the sleep restriction groups;

however, in Figure 7, a dose-response pattern was visually apparent for Tl accuracy. In

this figure, both sleep restriction groups showed visual decreases from baseline to sleep

restriction 1, and from sleep restriction 1 to sleep restriction 2, although the 3-hour group

showed this to the greatest extent. The present pattern of results of means resembles the

results from the only other group to investigate sleep loss and the AB, who found that Tl

accuracy gradually decreased over a 36-hour sleep deprivation period, but found no

change in AB magnitude (Santhi et al., 2005). In parallel to Santhi et al. (2005), the

present study found no changes in AB magnitude, and also no changes in overall T2

accuracy. In sum, in the two studies addressing AB performance following sleep loss, the

second target of the AB has yet to show changes following sleep loss.

AB ERPs. The literature has clearly shown that following total sleep deprivation

there is a reduction in P300 amplitude for basic auditory or visual stimuli (e.g., Harsh &

Badia, 1989; Morris et al., 1992; Humphrey, Kramer, & Stony, 1994; Lee et al., 2004),

and the present study adds to this body of evidence by showing changes in P300
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amplitude for stimuli within a more complex task paradigm: following two nights of

3 hours of sleep, there was a reduction in P300 amplitude to Tl at midline parietal sites.

By itself, Tl simply represents a basic visual stimuli (e.g., letter) to be reported by way of

free-recall. Thus, the present study provides further evidence that experimentally induced

sleepiness results in a reduced P300 amplitude to target stimuli.

In terms of brain structure and function, the global changes in brain activity

following sleep loss (e.g., Thomas et al., 1998, 2000, 2003) can help explain what

appears to be a general reduction in P300 amplitude for visual and auditory target stimuli

following sleep loss. The P300 has generators in several brain areas including the

ventrolateral prefrontal cortex, association cortices (e.g., superior temporal sulcal,

posterior parietal), and hippocampus (Halgren, Marinkovic, & Chauvel, 1998). Several

fMRI studies have found that these same areas show reduced glucose metabolism

follov^ng total sleep deprivation. For example, Thomas et al. (1998, 2000, 2003) found

reduced glucose metabolism in the prefrontal cortex and posterior parietal areas, in

addition to a global decrease across the entire brain. Therefore, sleep loss could be

interfering with P300 generation for the Tl stimulus. However, it is also clear that

changes in glucose metabolism following sleep loss are task-dependent (Drummond &

Brown, 2001), and there have been no fMRI studies employing tasks similar to the AB.

Thus, adaptive responses by the brain in response to the attention demands of the AB,

could affect these glucose reduction patterns.

Specifically pertaining to the AB, there are theoretical models ofAB performance

that involve brain areas theorized to be affected by sleep loss, such as the impairment in

frontal lobes (Jones & Harrison, 2001) and the compensatory changes in activity in areas
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such as the parietal and temporal lobes (e.g., Drummond & Brown, 2001

;

Drummond, Meloy et al., 2005). For example, Hommel et al. (2005) presented a

theoretical account of the AB that involved the synchronization and de-synchronization

of beta activity in the frontal, parietal and temporal lobes. Thus, impairment in Tl

processing following sleep loss would not be unexpected given these findings.

However, as stated earlier, Tl processing by itself simply represents a basic visual

stimulus— the unique aspect of the AB paradigm is that it provides a measure of our

natural attentional capacity to process multiple stimuli (i.e., processing of T2 is

dependent on the degree of Tl processing). Unfortunately, due to insufficient trials at

each lag, brain activity towards T2 could not be addressed in the present study. The

implications of measuring T2 ERPs is explored later. Furthermore, because of the lack of

change in T2 accuracy after sleep restriction, the relationship between Tl processing (as

operationalized by P300 magnitude) and T2 accuracy (well documented in the AB

literature), could not be investigated in relation to sleep restriction. The results of this

type of analysis would likely be the best avenue to determine if (and how) sleep loss

impairs resource capacity specifically.

Nevertheless, the Tl findings from the present study provide electrophysiological

evidence to support the behavioural reduction in Tl accuracy observed by Santhi et al.

(2005) after 36 hours of total sleep deprivation. Although the present study did not find

statistically significant changes in Tl accuracy, baseline brain activity in response to Tl

was positively correlated with Tl accuracy at baseline. This provides partial evidence for

a link between electrophysiology and behaviour in the AB task in this sample. The
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present study adds credit to the observation that sleep may primarily affect the

processing of the first target rather than the second.

Santhi et al. (2005) presented a cognitive theory ofwhy Tl accuracy (but not T2

accuracy) would be affected by sleep loss. According to their model, following normal

sleep, an efficient attention filter (similar to the retrieval competition model; Raymond et

al., 1992) processes Tl and very few items afterwards. On the other hand, following sleep

loss the attention filter becomes broad and inefficient, encompassing several more stimiali

following Tl and resulting in poor Tl accuracy. However, this theory is problematic in

several ways. First, if more stimuli following Tl were processed, distinguishing the

features ofTl would likely become a longer process and should theoretically result in a

fiirther impairement ofT2 accuracy [something Santhi et al. (2005) did not observe].

Second, if sleep loss results in a broad, inefficient attentional filter being applied to Tl,

why would the same filter not be applied to T2? Finally, at T2 lag positions where T2 is

likely to be missed, residual brain activity fi-om Tl overlaps with the early brain

processing of T2 (Sergent et al., 2005). This suggests that the Attentional Blink effect

may have more to do with Tl than distracter processing per se, in spite of the need for

distracters following Tl for the Attentional Blink phenomenon to occur (Raymond et al.,

1992). In sum, the sparing of T2 accuracy following sleep loss caimot be reasonably

explained by the theory put forth by Santhi et al. (2005).

The reduction in Tl processing may be an important factor to consider when

addressing the lack of change in T2 accuracy, and the lack of change in AB magnitude

found in the present study and Santhi et al. (2005). The present study has shown that

sleep restriction resulted in a reduced P300 for Tl . Other studies in the AB literature have
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illustrated that a reduced Tl P300 results in better T2 accuracy, whether this

reduction is a natural variation in P300 amplitude (e.g., Shapiro et al., 2006) or an

experimentally induced reduction through manipulation of Tl presentation probability

(Martens et al., in press). Therefore, a reduction in Tl P300 amplitude caused by sleep

loss would be expected to result in better T2 accuracy; however, a reduction in P300

amplitude for T2 would also be expected following sleep loss because of evidence for a

reduction in P300 amplitude for Tl and other basic stimuli following sleep loss (e.g.,

Harsh & Badia, 1989; Morris et al., 1992; Humphrey, Kramer, & Stanny, 1994; Lee et

al., 2004). In sum, sleep loss would be expected to lead to a reduced processing of both

Tl and T2 in the brain, but due to an accuracy benefit given to T2 as a result of reduced

Tl processing, only Tl would show accuracy impairment following brief periods of sleep

loss.

Although these explanations do not outline how sleep loss resulted in the

attentional changes that affect AB performance, they do provide a plausible account for

why there was a lack of T2 accuracy impairment found in the present study and in Santhi

et al. (2005). Unfortunately, in the present study, there were too few T2 trials to examine

the ERPs towards T2 to test these hypotheses.

A more general conclusion from this line of thought is that the nature of the AB

(i.e., T2 accuracy's dependent relationship to Tl processing) may make it difficult to

assess the true impact of a manipulated independent variable on T2 processing,

particularly when that independent variable is thought to equally affect Tl and T2

processing. For example, based on the specific example given above on the AB and sleep

loss, processing changes in Tl will result in a change in T2 processing, in addition to the
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changes in T2 processing brought on by the independent variable. Therefore, without

proper quantification of the degree of change in T2 processing due to Tl processing

alone, it may be difficult to interpret processing changes in T2 uniquely due to the

manipulated independent variable.

However, an important caveat is that these ERP conclusions are based on data

from the baseline and two sleep restriction testing days. The initial analysis that also

included recovery data was not significant: recovery performance primarily contributed

error variance to the model. The effects of a recovery night of sleep following sleep loss

are equivocal in the literature, and sometimes either type of outcome (i.e., recovery or

none) are used to support the same claim. For example, if there is recovery it is argued

that the loss of sleep is, in fact, the factor contributing to the performance decrements;

however, if there is a lack of recovery it is used as evidence for the severity of the effect

of the sleep loss. In the present sample, the most extreme restriction group showed visual

evidence of recovery for the P300 to Tl, but the 5- and 8-hour groups appeared to have

additional performance declines from the second night of sleep restriction to recovery for

this variable. In addition, EEG-recorded sleep showed that SWS during the recovery

sleep only significantly differed between the 8- and 3-hour group for latency, but not

SWS amount as would be predicted from the two-process model of sleep-wake regulation

(Borbely, 1982); however, SWS amount was found to be a strong trend in the analysis.

Thus, the oddities in the recovery data may be due to variability in the quality of recovery

sleep, and likely individual differences in the susceptibility to sleep loss (Van Dongen et

al., 2004; Mu et al., 2005; Van Dongen et al., 2005; Chuah et al., 2006; Blatter et al.,

2006). Individual differences are emerging as an important factor to consider when
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analyzing data or interpreting results; however, the analyses necessary to account for

individual differences typically require large sample sizes. The present study's sample

was not sufficient to allow for a proper statistical investigation of the individual

differences suspected during recovery sleep. itf .

^

There are two other caveats to the ERP data. First, unlike Martens et al. (in press),

there was no correlation between the T2 accuracy at baseline and P300 amplitude to Tl.

Considering the strong evidence for this relationship (e.g., Sergent et al., 2005), it is

disconcerting that this was not observed. Second, the Tl ERPs were analyzed without

any difference wave calculation to remove the brain activity towards distracter stimuli

that would overlap with the Tl P300 wave. Thus, early potentials (e.g., Nl, P2) for

distracters likely contributed unwanted variability to the P300 waves.

Null Behavioural and Significant Electrophysiology. It is difficult to draw any

overall conclusions regarding the impact of sleep restriction on the AB phenomenon from

this study. Without significant behavioural performance change to accompany the

significant change in ERPs, one must entertain the possibility that the significant ERP

findings for Tl represent a Type I error. However, there is also reason to believe the ERP

results are legitimate. First, electrophysiological measures have sometimes been foimd to

be more sensitive to psychological changes than behavioural measures, one example

being in the area of word priming (Radeau, Besson, Fonteneau, & Luis Castro, 1998).

This phenomenon has also been found in the sleep literature: changes in quantitative EEG

appeared in the absence of reaction time impairment following experimentally induced

sleep fragmentation (Cote et al., 2003). In this sense, it is not surprising that no

behavioural changes were found as the first electrophysiological change was only found
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following the 2"** (and last) night of the sleep restriction. Further supporting this idea

is that the pattern of means showed the expected changes, even in spite of these patterns

not being significant. Second, it is likely that behavioural deficits in the Attentional Blink

would appear to accompany the brain activity deficits provided that the sleep restriction

period was extended to several days. This suggestion is made based on the fact that many

of the sleep restriction paradigms are 7 days or longer, and behavioural impairments

continue to increase in severity as the restriction days continue (e.g., Dinges et al., 1997;

Belenky et al., 2003).

Study Limitations. In addition to these explanations, there are three fundamental

factors that may have contributed towards the number of null findings for the AB task.

First, one may raise the point that the AB is typically given over one day, and therefore, it

may not be an appropriate test for repeated-testing across several days. However, this

point can be discounted for two reasons: 1) Braun and Julesz (1998) had participants go

through training days, with no effect on the pattern of responses, and 2) no meaningfiil

changes in AB size or pattern were observed in the 8-hour group, which would be

expected if learning or sensitization effects had occurred.

Second, the parameters of the AB given may not be best suited to gauge the true

impact of sleep loss. The basic structure of the AB task itselfmay have resulted in

performance masking. The window oftime during which participants must focus for the

AB is very short (approximately 1 .5 seconds). This short focus period is followed by

participant responding and a two-second delay before the next trial. Williams and Lubin

(1967) found no reaction time deficits after total sleep deprivation, provided the interval

between trials was extended fi"om 1 to 2 seconds. Thus, participants in the present study
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may have been able to focus for the 1.5 second stream presentation and relax for the

2-second interval, and in the process, maintain their baseline levels of performance

throughout sleep restriction. Furthermore, the AB is accuracy-based, and historically it

has been hard to find effects in these types of task (e.g., Weiskotten & Fergusson, 1930),

although there have been some recent exceptions (e.g., studies by Home and colleagues).

However, to be exact, the AB is an unspeeded response task that requires speeded

identification, thus, it is not a clear-cut accuracy task.

Third, low statistical power is a serioxis concern considering that the analyses on

the small sample in the present study consisted oftwo-way and three-way ANOVAs with

three or more levels for each variable. Given these conditions, the null results for

behavioural accuracy in the AB may be a result of Type II error.

Future Directions. Although the results of the present study could be termed

inconclusive, they do provide enough justification for other investigations of the AB

phenomenon and sleep loss. However, futvire studies should employ a more severe

manipulation of sleep like total sleep deprivation to more conclusively determine the

appropriateness of the AB task for use in sleep loss studies. (And ensure appropriate

sample sizes, unlike Santhi et al. (2005). Finally, it would be helpful to try to quantify

how much of the change in T2 processing in the brain is due to the sleep loss alone. This

could be completed by factoring out the change in T2 processing due to the change in Tl

processing. One possible method would be to perform a two part study: 1) measure AB

performance following sleep deprivation, and 2) conduct follow-up AB test with the

same group of participants, but without any sleep loss involved. In this follow up AB test,

the level of Tl processing could be manipulated (using Tl presentation probability; see
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Martens et al., in press) to the average level ofTl processing observed following

sleep loss in the first part of the study. The resulting change in T2 processing due to this

change in Tl processing could be compared to the change in T2 processing following

sleep loss. Any difference between these two values would (at least conceptually, if not

statistically) represent the change in T2 accuracy uniquely caused by sleep loss.

However, for some of the reasons given earlier (e.g., two-second delay between

trials, T2 accuracy's dependent relationship to Tl processing), the AB may not actually

be the best test for measuring attentional limits during sleepiness. Nevertheless, the

rationale given to justify the use of this type of test addressing a specific mechanism of

attention is still credible. There is a specific need to explore the construct of attention in

more depth, and there are other cognitive tasks addressing attentional limits that could be

used in the place of the AB. Tasks which are speed-based rather than accuracy-based, and

tasks which have short periods between trials would be most suited for use in sleep loss

studies. Furthermore, the participant-paced nature of the Attentional Blink task may also

be a reason for sleepiness not impacting this measure of attentional capacity. Thus, it may

be usefiil for researchers to consider using speeded-tasks that are also not heavily

participant-paced, so as to reduce the chance of performance masking.

Finally, it may simply be that the null is true: attentional limits as revealed by the

AB task may not be meaningfiiUy altered by sleepiness. This possibility may be the case;

however, the occurrence of a null probably has more to do with the magnitude of sleep

loss (e.g., more severe periods of sleep loss are required) and the area of the brain

investigated. With, in regard to the latter point, EEG is used extensively in sleep research

and provides excellent temporal resolution for cortex activity. However, there are some
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computational models of the AB that stress the importance ofnon-cortex areas, such

as the locus coeruleus in the brainstem (Nieuwenhuis, Gilzenrat, Holmes & Jonathan,

2005). The locus coeruleus has a known role in sleep as a regulator ofREM sleep and the

sleep/wake state (Nitz & Siegel, 1997); it also has an important effect on other functions

such as attention, vigilance, and memory (Aston-Jones, 2005), even as specific as small

magnitude responses to target stimuli in a sample ofmonkeys (Rajkowski, Majczynski,

Clayton, & Aston-Jones, 2004). Although a search of the literature revealed no recent

studies on the impact of sleep loss on locus coeruleus function, its joint role in sleep and

attention makes it a worthwhile candidate for examination in a sleep loss and targeted

attention tasks like the AB. Thus, other technologies and procedures that can assess non-

neocortex activity may help sleep researchers investigate the impact of sleep loss on

attention beyond behavioural reaction times and P300s.

Research of this sort will help to elucidate the subtle effects of sleep loss on how

we process our environment, and provide a useful basis to interpret the behavioural

implications of the changes in brain activity that come along with sleep loss. The

quantification of these changes may also eventually be used to develop practical solutions

or staffing guidelines for work situations in which impairment of attentional capacity is

especially dangerous. For instance, long-haul truck drivers, pilots on trans-Atlantic

flights, and night-shift workers can experience sleepiness that impairs their ability to

properly attend to their tasks, and this may partly be a result of changes in attention

capacity. Thus, an understanding ofhow sleep loss impacts resource capacity could be

used in this respect to increase worker safety and possibly improve productivity.
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Appendix A





CSR2005 - Telephone Interview

Brock University Sleep Laboratory

Participation Description

Thank you for your interest in our research study. I will first tell you about the requirements of the

study, and then ask you a few preliminary questions to make sure you meet the criteria for participating.

Ok. In this study, we are interested in the effects of sleep loss on daytime functioning. For the main part

of the study you will need to spendfour consecutive nights and days at the Sleep Lab, fi-om a Thursday night to

a Monday afternoon. Meals will be provided during the day, as well as opportunities to shower, however you

will not be allowed to use any personal electronic gadgets or computers. During the day portion of this time you

will perform simple computer tasks and have electrodes placed on your head and face. As for the nights, on

Friday and Saturday your sleep will be set at 8 hours or restricted to 5 or 3 hours. On Thursday and Sunday you

will have your sleep set to 8 hours.

But before this main study begins, there are three additional participation commitments. First, you will

come into the Sleep Lab at Brock University for a 1-hour daytime orientation session where you will be shown

the facilities, learn more about the study, and complete several questionnaires to ensure eligibility. Second, you

will spend a single night at the Sleep Lab for the purpose of screening for sleep disorders. Next, you will keep a

diary of your sleeping habits while at home for several days.

For completion of the entire study you will receive an honorarium of $175. The breakdown of the

honorarium is as follows: You get $20 for completion of the single overnight to screen for sleep disorders. For

the main study, you will be paid $35 for completion of each of the first 3 days/nights (Thursday-Sunday). For

completion of the final day, Monday, you will be paid $50. We are offering this additional incentive on the last

day because it is important that we have complete data in order to make conclusions about the effect of sleep

loss on performance. If you are participating, in part, to receive course credit, then you will receive credit for

the initial screening night instead of the $20, but you will also receive the remaining honorarium of $155. Do

you have any questions about the study?

fe, Are you interested in participating? {Yes} - Ok, I have a few questions for you to make sure that you are

suitable for the study. If you are the type of person we are looking for, we will have you come in for an

orientation session. You can decide at that time if you would like to participate in the rest of the study.
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Kligibilitv Questions

1. Would you be available to stay in the Sleep Laboratory for the four consecutive nights and days that are

required for this study? Specifically, Thursday evening to Monday evening? {Yes}

2. How old are you? {18-30}

3. How tall are you?

4. How much do you weigh?

5. Do you smoke? {No}

6. Are you right or left-handed? {Right-Handed}

7. Is English your first language? {Yes, or learned before age 8 OK}

QVote: exclude participants immediately if thev fail demographic criteria in questions 1-7)

8. How many caffeinated drinks, such as coffees, teas or colas do you usually have in a day?

{preferably I or less, but may need to beflexible with this criteria)}

8a. Would you have a problem with going four consecutive days without caffeine? {No}

9. At what times do you usually go to bed and wake up? {approximately 11pm - 7am}

9a. Does this vary from night to night or on weekends? If yes, describe to what extent?

{we want relative stability, but a little sleeping-in on weekends is OK)

10. On average, how often do you only get a couple hours of sleep? {rarely to never)

11. How often do you pull all-nighters? {rarely to never}

12. If you go without sleep, how difficult is it for you to function during the next day? Give your answer on a

scale of 1 to 7, with 1 being very easy and 7 being very difficult. {moderately difficult or greater}

(Note: We are trying to get at participants' "experience with sleep loss." We want people who rarely or NEVER pull all-

nighters or severely restrict their sleep. And we want people who do not like to go without sleep, and feel terrible if they do.)

13. Do you have any difficulty falling asleep at night? {No}

14. Do you wake up often during the night and are unable to return to sleep? {No}

15. Would you describe yourself as excessively tired during the day on a regular basis? {No}

16. Do you or have you ever done shift work?

(Wo current or recent shift work; no history ofmidnights}

1 7. Are you presently in good health? {^^s}

18. Are you currently taking any medication? {No, exceptfor BCP, BP, & Thyroid meds}

19. Any history of the following: depression ( ), chronic pain ( ), heart disease ( ) or have

you ever lost consciousness, for example a head injury like a stroke or concussion ( ). {Nofor all}

Contact Information

Name: Orientation Date:

Telephone: Email:
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Sleep Research Laboratory
Psychology Department, Brock University

Letter of Information / Consent Form

Title of Study: "Brain Functioning during Daytime Sleepiness"

Primary Investigator: Dr. Kimberly A. Cote, Ph.D.

Study Co-ordinator / Investigator; Brian Smith, B.A.

Name of Participant: (Please print your name)

You are being invited to participate in a research study investigating alertness and attention following sleep

loss. This study will involve attending an initial orientation session during which you will undergo a hearing test

and complete questionnaires on health, sleep habits and personality. You will then be asked to keep a sleep

diary while at home for a period ofup to one week (these forms will be provided to you). You will not be paid

for this time if you are not chosen to participate in the remainder of the study.

You will be required to spend one night in the Brock University Sleep Laboratory for the purpose of screening

for sleep disorders. Your sleep will be recorded by placing electrodes on your scalp to measure brain wave

activity (applied with water-soluble paste, not glue), electrodes by your eyes to measure eye movements, and

electrodes under your chin to measure muscle movement. Electrodes will also be placed on your legs to monitor

for unusual leg kicks during sleep. In addition, bands that are placed around your chest and waist will monitor

your breathing during the night. Finally, your heart rhythms will be recorded to check for normal heart rhythms

during sleep. If you are found to have any sleep, breathing, movement, or cardiac abnormalities, you will not be

asked to participate in the remainder of the study, but you will be paid for one night in the laboratory ($20). If

you are suspected of having a sleep disorder, it will be recommended that that you seek a full diagnostic

assessment at a Sleep Disorders Clinic.

If you are a suitable candidate, you will be invited to participate in the study that will take place over four consecutive

nights and days, beginning on a Thursday night (at 9pm) and ending Monday evening (at about 6pm). You will remain in

the Brock University Sleep Laboratory for the entire duration of the studv . While in the Sleep Laboratory, you will:

1. Complete a set of simple computer-based tasks (e.g. reaction time, attention to stimuli) and questionnaires (e.g.

sleepiness, mood) at 9:00am, 1 1 :00am and 1 :00pm each day.

ft 2. Have your time in bed (and thus, sleep opportunity) restricted to either 3, 5.5 or kept at 8 hours for two nights (i.e.,

Friday, Saturday). The time in bed will be set at 8 hours on Thursday and Monday.

3. Have electrodes applied on your scalp and face while performing the set of daily performance tasks and also during

nightly sleep recordings.

4. Adhere to the following restrictions: no napping or exercise. No caffeinated drinks or food containing caffeine. No
use if cell phones, CD/MP3 players, computers, video games, internet or email.

5. Be able to use the laboratory phone to contact people (but the phone is not to be used for socializing).

The Sleep Laboratory includes the main room, two bedrooms, a kitchen-lounge area and washroom facilities. During your

stay in the Sleep Laboratory you will be provided meals, snacks and non-caffeinated beverages. When not required to

complete tasks or sleep, you will be able to watch movies, read books, work on assignments from school, play card games

and engage in various puzzles-type games (e.g., crosswords, word search). You will be monitored by research assistants at

all times to ensure that you remain awake and comply with all study procedures. All participants and research assistants

will be under 24-hour video surveillance; video from the main room, bedrooms, and kitchen-lounge area will be recorded

to tape and stored in the Sleep Laboratory until study completion. Your videotaped data will not be used in public

presentation or advertising.

You may experience some skin irritation (redness and dry skin) as a result of having electrodes attached to your scalp and

face for several days. This is temporary and may be reduced by applying moisturizing cream to the areas where electrodes

were placed.
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>'ou will receive payment for your participation. You will be paid $20 for completion of the screening night. For

participation in the remainder of the study, you will be paid for completion of each phase as follows: night 1 and day 1

($35), night 2 and day 2 ($35), night 3 and day 3 ($35), and night 4 and day 4 ($50). Therefore, you will be paid a total

of $175 for completing the screening night and the four consecutive nights and days. You will be paid a lesser

amount, according to the schedule outlined above, if you chose to withdraw or if the researchers choose to discontinue

your participation. We are offering this additional incentive on the fourth night and day because it is important that we
have complete data in order to make conclusions about the effect of sleep loss on arousal and attention. It will NOT
become more difficult for you to remain in the study because of the effects of the sleep restriction. Note: if you are

participating for a class assignment, you will not be paid for your time spent on the first overnight ($20), but will receive

the remainder of the honorarium for full participation ($155).

Your participation is voluntary and you may withdraw from the study at any time, for any reason, without penalty.

You are under no obligation to answer any question or participate in any aspect of this project that you consider invasive,

offensive, or inappropriate. You may ask further questions at any time.

All personal data will be kept strictly confidential and all information will be coded so that your name is not associated

with your answers. Only the researcher named above, and staff of the Sleep Laboratory working under supervision of this

researcher, will have access to the data.

Your signature below indicates that, you are of the age of legal consent (i.e., 18 years or older), you have read and

understood the procedures of the study, and you agree to participate.

Participant's Signature Date

This research is funded by the Natural Science and Engineering Research Council (NSERC) of Canada. This study has

been reviewed and approved by the Research Ethics Board (File # 03-373) at Brock University. For answers to questions

about your rights as a research participant, you may contact the Research Ethics Officer at the Office of Research

Services, at (905) 688-5550 ext. 3035, or send an e-mail to reb@brocku.ca.

If you have any questions or concerns about your participation in the study you may contact the Director of the Sleep

Research Laboratory, Dr. Kimberly Cote, in the Psychology Department at (905) 688-5550, extension 4806.

No individual feedback from the sleep study or performance data may be provided at any time. Feedback about the

outcome of the study will be available on our website (http://www.broclcu.ca/sleeplab/research.htm) after final publication

of the data.

Thank you! Please take a copy of this form with you for future reference. IF YOU NEED TO CONTACT THE
LABORATORY REGARDING YOUR APPOINTMENT OR STUDY PROCEDURES, PLEASE CALL US AT 905-

688-5550, EXT. 3795.

I have fully explained the procedures of this study to the above volunteer.

Researcher's Signature Date
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Brock University Sleep Research Laboratory

Sleep and Activity Diary

study Start Date:

Name:

Date:

Instructions:

Sleep Log

• Leave the Sleep and Activity Diary by your bedside and complete each morning.

• An example of how the log should be marked is given at the bottom of this page.

• In the comments section of the each daily log, indicate anything unusual about the day (e.g., medications).

• The appropriate activities that should be logged include:

ACTIVITIES

C
A
M
X

T
S

Any caffeinated drinks including coffee, tea, cola, etc.

Any alcoholic beverages

Meals

Exercise

Use of toilet during sleep time

Snacks

SLEEP (INCLUDING NAPS)

i An arrov^ "down" roughly marks the time you went to bed

T An arrow "up" roughly marks the time you got out of bed

I
Mark vflth lines the time you began and ended your sleep

— By joining these two lines you're indicating a sleep period

Example :





Days

6 8 10

Midnight

12 2 4 6 8 10

noon

12 2 4 6

Activity



,^.;
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Participant ID: Date:

Time:

STANFORD SLEEPINESS SCALE

Please check ( ) the statement which best describes your state of sleepiness. (Choose only one statement)
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On each trial you will see a series of letters presented one at a time in the center of the screen.

All of the letters will be black except for one letter near the middle of the series which will be

white. At somepoint after the white letter a black 'X' may or may not be presented. At the end of

each trial you will have to identify the white letter (via keyboard keys) and decide whether the

'X' was present or absent by pressing "1" for present and "0" for absent. You should say the 'X'

was absent unless you are pretty sure it was there. Press the spacebar to begin the trials.





136

Appendix F





3 Hour Group ERPs.

Red - Baseline: Green = El; Blue = E2; Black = Recovery

5 Hour Group ERPs.

Red = Baseline; Green = El; Blue = E2; Slack = Recovery

Pz-AR (Pz-RF)

8 Hour Group ERPs.

Red = Baseline; Green = El; Blue = E2; Black = Recovery
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