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Abstract 
 

Cognitive control is important for flexible, goal-directed behaviours and includes the ability 

to selectively attend to information, inhibit responses, and monitor performance. Studies in adults 

have highlighted the importance of sleep for cognitive control, with sleep-deprived individuals 

exhibiting reduced performance. These studies have also used event-related potentials (ERPs) to 

explore neural activity associated with cognitive control, showing reductions in amplitude of the 

N2, P3, error-related negativity (ERN), and error positivity (Pe) components following one night of 

sleep deprivation.  

Despite the importance of sleep emphasised by such findings, most studies have 

experimentally manipulated sleep, which does not reflect typical sleep difficulties in the general 

population. Furthermore, these studies have primarily been conducted in adults. Whilst a small 

number of studies have explored sleep and cognitive control in children and adolescents, findings 

are inconsistent and only limited aspects of cognitive control have been assessed. Given the 

importance of cognitive control for learning and success later in life, there is need to explore the 

relationship between inadequate sleep and broader aspects of cognitive control.  

During childhood and adolescence, the brain undergoes considerable development, 

particularly in the prefrontal cortex: an area proposed to mediate cognitive control. Throughout 

development, the brain is more sensitive to disruption and the adverse effects of stress, drugs, and 

injury. Therefore, it is possible that children and adolescents are more vulnerable to the effects of 

sleep loss than adults. There is emerging evidence from animal and meta-analytic studies to support 

this hypothesis. However, due to differences in methodology and the limited number of studies 

conducted in children, it is not possible to draw conclusions on the role that development plays in 

the relationship between sleep and cognitive control. 

This thesis presents three experimental studies using a naturalistic approach to explore 

whether naturally occurring changes in sleep duration and quality were associated with 
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electrophysiological and behavioural indices of cognitive control in children, adolescents, and 

young adults.  

Study 1 (n = 45) examined the relationship between sleep and cognitive control in children 

using parent-reported sleep problems and self-reported daytime sleepiness. Daytime sleepiness was 

not directly associated with performance. However, a significant indirect effect was found, 

indicating that children with higher levels of self-reported daytime sleepiness had poorer attention 

which, in turn, was associated with poorer cognitive control.  

Study 2 (n = 60) explored whether natural variations in sleep duration and sleep quality were 

associated with behavioural and electrophysiological indices of cognitive control in young adults. 

Based on the National Sleep Foundation guidelines, participants were assigned to high or low sleep 

duration and sleep quality groups. Individuals who slept fewer than seven hours each night on 

average showed inefficiencies in error-monitoring, reflected by a reduction in ERN amplitude. 

The results of these two studies suggested that the relationship between sleep and cognitive 

control differed between children and adults. However, this interpretation was complicated by 

differences in methodology. Using the same methodology across participants, the third study aimed 

to explore the relationship between sleep and cognitive control across development. Adults, 

adolescents, and children (n = 166) completed a Flanker-Go/NoGo task whilst ERPs were 

concurrently recorded. Objective measures of sleep duration and quality were obtained using 

actigraphy. As expected, results showed ongoing development of cognitive control with age, 

indicated by improvements in performance and changes in ERP components. Sleep patterns also 

changed across development, with adults exhibiting shorter sleep durations compared to children 

and adolescents. Inadequate sleep was common, with a high proportion of participants (> 70%) 

receiving less than the recommended total sleep time. However, contrary to expectation, no 

differences were observed on cognitive control measures between high and low sleep groups.  

This thesis makes four important contributions to the sleep and cognitive control literature. 

Firstly, it indicates that daytime sleepiness and sleep duration can be associated with poorer 



v 

performance and inefficiencies in error monitoring processes. Secondly, it indicates that sleep 

duration as well as electrophysiological and behavioural indices of cognitive control change across 

development. Thirdly, it provides insight into potential developmental differences in the 

relationship between sleep and cognitive control. Finally, this thesis highlights that inadequate sleep 

duration is a significant issue for children, adolescents, and young adults.  
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CHAPTER 1 

General Introduction
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In Australia, 25 - 41% of young adults and 17 - 40% of children and adolescents experience 

inadequate sleep, either through insufficient sleep duration or poor sleep quality (Adams et al., 

2017; Olds, Maher, Blunden, & Matricciani, 2010; Short, Gradisar, Lack, Wright, & Dohnt, 2013). 

Given the high rates of inadequate sleep in young Australians, it is vital to understand the potential 

impact on day to day functioning. The overall aim of this thesis was to explore the relationship 

between inadequate sleep and cognitive control. This chapter will firstly provide a brief overview of 

sleep, including the proposed function of sleep, different methodologies used to assess sleep, and 

the impact of inadequate sleep on cognition in adults. Following this, I will provide an overview of 

the research to date on sleep and cognitive control in adults from a behavioural and 

electrophysiological perspective. Lastly, I will discuss the relationship between sleep and cognitive 

control from a developmental perspective and highlight the developmental changes that occur in 

sleep and the brain. 

Sleep: An overview 

Sleep is generally defined as a reversible state of immobility and reduced responsiveness to 

the environment (Carskadon & Dement, 2017; Siegel, 2008). It is present in all mammals, birds, 

and reptiles, yet very little is currently understood about the role of sleep. Historically, sleep was 

considered to be a state between wakefulness and death, as to the outside observer it appears to be a 

relatively simple phenomenon comprised of unconsciousness and quiescence (i.e., “a deathlike 

state”; Assefa, Diaz-Abad, Wickwire, & Scharf, 2015). However, contrary to its appearance, sleep 

is an organised, dynamic process that is divided into two physiologically and functionally different 

states: rapid eye movement (REM) sleep and non-REM (NREM) sleep (Assefa et al., 2015; 

Carskadon & Dement, 2017). 

 NREM sleep consists of high-amplitude, low frequency electroencephalogram (EEG) 

activity that is accompanied by a reduction in muscle tone (compared to wakefulness) and slow 

rolling eye movements. It is divided into three separate stages: stage N1, stage N2, and stage N3 

(also known as ‘slow wave sleep’; Berry et al., 2017), each of which have their own characteristic 
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waveforms on EEG (Assefa et al., 2015; Berry et al., 2017; Carskadon & Dement, 2017). REM, on 

the other hand, consists of low voltage, fast activity EEG (similar to wakefulness), as well as 

complete loss of muscle tone, and the presence of rapid eye movements (Barone & Krieger, 2015; 

Berry et al., 2017; Carskadon & Dement, 2017). In healthy adults, individuals generally move 

through NREM and REM stages in 90 minute cycles (Carskadon & Dement, 2017). Typically, 

individuals enter sleep through stage N1, a light stage of sleep that is comprised of theta waves and 

rolling eye movements. Stage N1 lasts a few minutes before progressing into stage N2, a light stage 

of sleep characterised by K-complexes and sleep spindles. Subsequently, individuals enter slow 

wave sleep, a deep stage of sleep that is characterised by the appearance of delta waves (i.e., slow 

waves). Individuals will then briefly return to stage N2 sleep before entering REM sleep (Berry et 

al., 2017; Carskadon & Dement, 2017). This structural organisation of sleep is referred to as sleep 

architecture, with the NREM-REM cycle typically occurring 2 to 7 times over the course of a single 

sleeping period (Hartmann, 1968). Throughout the night, the length of slow wave sleep tends to 

shorten and there is an increase seen in REM sleep duration (Carskadon & Dement, 2017). 

Sleep regulation 

The sleep-wake cycle is regulated by two separate processes: homeostasis and circadian 

rhythm (Borbély, 1982). The homeostatic process, or Process S, reflects sleep drive, or the pressure 

to sleep. With increasing hours of wakefulness, the pressure for sleep will increase exponentially 

and when it surpasses a certain threshold, sleep is triggered. During sleep, this sleep pressure will 

decrease and once below a certain threshold, wakefulness will occur (Berry, 2012; Borbély, 1982; 

Borbély & Achermann, 1999; Goel, Basner, Rao, & Dinges, 2013). Circadian rhythm, or Process C, 

on the other hand, refers to a biological clock that modulates the time of sleep and wake. This 

process is controlled by the suprachiasmatic nuclei of the anterior hypothalamus, which regulates 

the occurrence of sleep and its timing within the 24-hour day (Berry, 2012; Borbély, 1982; Czeisler 

& Buxton, 2017; Goel et al., 2013). The two-process model of sleep regulation proposes that 

Process S and Process C interact to determine the sleep-wake cycle and the state of alertness during 
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the day. As can be seen in Figure 1.1, Process C produces an alerting signal during the day which 

helps to maintain alertness despite increasing levels of sleep debt. At night, homeostatic drive is 

high and the circadian alerting signal is reduced to allow for sleep. The circadian signal remains low 

throughout the night to ensure sleep is maintained in light of decreasing homeostatic drive (Assefa 

et al., 2015; Berry, 2012; Borbély, 1982; Goel et al., 2013). 

The function of sleep 

Although the two states of sleep are physiologically distinct, from each other and from 

wakefulness, little is known about the function of sleep. Certainly, on the surface, sleep appears to 

be maladaptive, as whilst humans sleep they are unable to procreate, protect themselves or their 

young, “earn money”, or even “write papers” (Rechtschaffen, 1998). Although it may appear 

maladaptive, previous research has highlighted the importance of sleep. In animal studies, total 

sleep deprivation over a period of 2 - 3 weeks has been shown to cause death in rats (Rechtschaffen 

& Bergmann, 2002), which suggests that sleep serves a vital function. Several theories have been 

proposed regarding the function of sleep. One of the earliest was proposed by Meddis (1975), who 

suggested that sleep serves a protective function, allowing animals to stay quiet and hidden, thus 

reducing the risk of injury from predators. Later, Berger and Phillips (1995) theorised that sleep 

Figure 1.1. Two-process model of sleep regulation: Interaction between the homeostatic sleep 

drive (Process S – blue line) and the circadian drive for arousal (Process C – green line). Sleep 

drive is greatest when homeostatic sleep drive is high and circadian drive is low. Adapted from 

https://www.howsleepworks.com/how_twoprocess.html 
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allowed for conservation of energy, such as seen in hibernation. Since this time, it has become 

apparent that the function of sleep is more complex with studies suggesting that sleep has a role in 

restorative processes, such as growth hormone release and protein synthesis, as well as memory 

consolidation, thermoregulation, and neural ontogenesis (for review see Assefa et al., 2015; Barone 

& Krieger, 2015; Siegel, 2005). 

Measuring sleep  

Polysomnography. Polysomnography (PSG) is the gold standard for measuring sleep 

(Kryger, 2017). At a minimum, it incorporates EEG for the assessment of brain activity, electro-

oculogram (EOG) for measuring eye movements, and electromyography (EMG) for assessing 

muscle tonus. Depending on the purpose of the PSG, additional physiological measures can be 

added including oximetry, airflow, respiratory effort, limb movements, and body position (Kryger, 

2017). Collectively, this provides comprehensive information about an individual’s sleep, including 

their total sleep time, number and length of awakenings, sleep latency, and the proportion of time 

spent in each sleep stage. In addition, PSG can provide detailed information regarding the presence 

of sleep disorders (e.g., sleep apnoea, periodic limb movements, REM behaviour disorder; Berry, 

2012; Kryger, 2017). Whilst PSG provides comprehensive information regarding sleep, it is not 

always practical in a research environment. Firstly, it is labour-intensive and expensive, as 

individuals are typically required to spend a night in a laboratory, where the PSG is set up and 

monitored overnight by a trained technician (Marino et al., 2013; Stone & Ancoli-Israel, 2017). 

Secondly, due to the number of electrodes/sensors used in a PSG, it often causes discomfort to 

patients and limits mobility. This, in combination with sleeping in an unfamiliar environment, may 

mean that PSG does not accurately capture the individual’s typical sleep characteristics, with the 

first one to two nights of a PSG recording often marked by changes in total sleep time, sleep stage 

proportion, and delayed sleep latency (Le Bon et al., 2001; Lorenzo & Barbanoj, 2002). In addition, 

PSG is often used to monitor an individual’s major sleep period and, as a result, fails to capture 
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information about daytime activity or napping behaviours (Marino et al., 2013; Stone & Ancoli-

Israel, 2017). 

Actigraphy. Actigraphy has been used to objectively measure sleep as an alternative to PSG 

(Stone & Ancoli-Israel, 2017; Van De Water, Holmes, & Hurley, 2011). It involves the use of an 

activity monitor, or actigraph, which contains an accelerometer that is typically worn on the wrist. 

The actigraph uses validated algorithms to calculate sleep and wake patterns based on the amount of 

activity recorded, with high activity representing wakefulness and low activity indicating sleep 

(Kosmadopoulos, Sargent, Darwent, Zhou, & Roach, 2014; Stone & Ancoli-Israel, 2017). Given 

that only movements are used to estimate sleep, the actigraph is unable to provide information on 

sleep stages but does provide data on sleep wake variables including: total sleep time, sleep 

efficiency, wake after sleep onset, and number of awakenings. When compared to PSG, actigraphy 

has high sensitivity (typically > 90%) and can reliability detect sleep periods across a wide range of 

individuals (Kosmadopoulos et al., 2014; Marino et al., 2013; Stone & Ancoli-Israel, 2017). 

However, it has poor specificity (27.7 - 67.1%) and has difficulty accurately detecting wakefulness, 

particularly in individuals who have poor sleep quality (Kosmadopoulos et al., 2014; Marino et al., 

2013; Stone & Ancoli-Israel, 2017; Van De Water et al., 2011). Whilst actigraphy has 

disadvantages, there are a number of important benefits of using actigraphy over PSG. It is non-

invasive and can measure multiple nights of sleep with little inconvenience to the participant. This 

makes it possible to record sleep in the participant’s home environment, potentially providing a 

more accurate estimate of an individual’s sleep (Kosmadopoulos et al., 2014; Stone & Ancoli-

Israel, 2017). It is also more cost-effective, as it does not require overnight observation in a 

laboratory setting (Kosmadopoulos et al., 2014; Stone & Ancoli-Israel, 2017).  

Subjective sleep measures. Parent- and self-report questionnaires and sleep diaries are often 

used in the sleep literature to assess various aspects of sleep. In comparison to PSG, they are 

generally cost-effective and easy to administer (Lashley, 2004; Sadeh, 2015). Sleep questionnaires 

can provide information on a wide range of sleep variables including: daytime sleepiness (e.g., 
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Epworth Sleepiness Scale; Johns, 1991); sleep quality (e.g., Pittsburgh Sleep Quality Index; Buysse, 

Reynolds, Monk, Berman, & Kupfer, 1989); sleep problems (e.g., Sleep Disturbance Scale for 

Children, Berlin Questionnaire; Bruni et al., 1996; Netzer, Stoohs, Netzer, Clark, & Strohl, 1999); 

and sleep habits (e.g., Children’s Sleep Habit Questionnaire; Owens, Spirito, & McGuinn, 2000). 

Sleep diaries provide information on daily sleeping patterns, including bed and wake times, sleep 

duration, and number of awakenings (Lashley, 2004; Sadeh, 2015). 

Assessing the relationship between sleep and daytime functioning.  Previous research has 

used two main methodological approaches to assess the relationship between sleep and daytime 

functioning: observational and experimental. Observational approaches typically explore naturally 

occurring variability in sleep duration and quality. Previous research in children is primarily 

comprised of observational studies (Astill, Van der Heijden, Van IJzendoorn, & Van Someren, 

2012), which have used a variety of methods to assess sleep, including PSG, questionnaires, and 

actigraphy. By contrast, experimental techniques are more common in adults and involve the 

manipulation of sleep duration and sleep quality. Unlike observational studies, which are typically 

correlational in nature, experimental techniques allow researchers to draw conclusions about 

causality (Astill et al., 2012). Experimental manipulation of sleep duration is typically achieved 

through either total or partial sleep deprivation paradigms. In total sleep deprivation paradigms, 

participants are kept awake for an extended period of time (i.e., 24 hours or longer) and are 

typically asked to perform a variety of tasks pre- and post-sleep deprivation (Banks, Dorrian, 

Basner, & Dinges, 2017; Waters & Bucks, 2011). Partial sleep deprivation studies, which are often 

referred to as sleep restriction studies, involve reducing the participants’ typical sleep duration by a 

set period (usually between 1 and 6 hours). This is typically done for several consecutive nights to 

achieve a sleep debt (Banks et al., 2017; Bianchi, 2014; Waters & Bucks, 2011). Sleep quality on 

the other hand, is manipulated through sleep fragmentation studies, where participants are 

awakened multiple times during the night for a brief period. This is typically achieved by presenting 

sounds (e.g., traffic noise, tones) during the participants sleep. Unlike sleep deprivation paradigms, 



8 

sleep duration is typically unaffected during sleep fragmentation studies. This allows researchers to 

explore the relationship between sleep quality and daytime functioning (Bianchi, 2014; Bonnet & 

Arand, 2003).  

The consequences of sleep loss 

In 1896, Patrick and Gilbert published the first experimental study which explored the 

effects of sleep deprivation on cognition in humans. They reported that, following 90 hours of sleep 

deprivation, participants displayed increased reaction times, difficulties with attention where 

participants exhibited mental lapses that prevented them from focusing on tasks and, in the case of 

one participant, visual hallucinations (Patrick & Gilbert, 1896). Since that time, a plethora of 

literature has described the impact of inadequate sleep in adults. Most of these studies have used 

total sleep deprivation paradigms, with a limited number using sleep restriction and only a handful 

exploring the effects of chronic, partial sleep restriction (Durmer & Dinges, 2005). However, 

despite differences in the degree of sleep loss, inadequate sleep has been shown to have adverse 

effects on physical health (e.g., increased risk of obesity, cardiovascular disease, stroke) and mental 

health (e.g., increased risk of depression, anxiety, drug and alcohol abuse) and increases the risk of 

motor vehicle accidents and workplace injuries (for review see Adams et al., 2017; Colten & 

Altevogt, 2006; Sleep Health Foundation, 2017). 

Sleep and cognition 

In addition to changes in physical and mental health, inadequate sleep impacts on multiple 

aspects of cognition. Previous literature has consistently identified that sleep deprivation results in 

reduced speed of responding, with slower reaction times and increased errors observed during 

simple and complex reaction time tasks (for review see Lim & Dinges, 2010; Waters & Bucks, 

2011). Attention and vigilance difficulties have also been reported, with inadequate sleep reported 

to result in poorer performance and slower reaction times on psychomotor vigilance tasks (Belenky 

et al., 2003; Lo et al., 2012), as well as on tasks assessing auditory and visual attention (for review 

see Alhola & Polo-Kantola, 2007; Lim & Dinges, 2010; McCarthy & Waters, 1997; Olaithe, Bucks, 
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Hillman, & Eastwood, 2018). In their-meta-analysis, Lim and Dinges (2008) reported that the effect 

size for attention and vigilance was the largest amongst all aspects of cognition studied, at -0.762 to 

-0.732. Reduced short-term memory capacity has also been observed on auditory, visual, and spatial 

short-term memory tasks (see Alhola & Polo-Kantola, 2007; Lim & Dinges, 2010; Waters & Bucks, 

2011). Memory recall is also affected, with poorer performance on tasks assessing associative, 

spatial, verbal, and procedural memory (Banks et al., 2017; Olaithe et al., 2018; Waters & Bucks, 

2011). Other aspects of cognition that have been affected by sleep loss include mental arithmetic, 

expressive language, and social cognition, however, changes in these domains have not been 

consistently reported (Alhola & Polo-Kantola, 2007; Lim & Dinges, 2010; Waters & Bucks, 2011). 

Executive functioning skills have also been explored in the adult sleep literature. Executive 

functioning refers to a range of related, but separate, cognitive abilities that allow individuals to 

engage in independent and self-directed behaviours (Lezak, 2012). In the sleep literature, a range of 

different executive functioning skills have been impacted by inadequate sleep including: mental 

flexibility and switching, divided attention, working memory, inhibition, verbal fluency, problem 

solving, and planning (Alhola & Polo-Kantola, 2007; Goel, Rao, Durmer, & Dinges, 2009; Harrison 

& Horne, 1998; Jones & Harrison, 2001; Lim & Dinges, 2010; Waters & Bucks, 2011). 

Explanations for the effects of sleep loss 

Early studies exploring the impact of sleep deprivation on cognition proposed that novelty 

and motivation are key factors in determining performance. For example, Wilkinson (1961) 

theorised that sleep loss reduces an individual’s motivation to perform, which in turn results in 

widespread cognitive difficulties. Conversely, Williams, Lubin, and Goodnow (1959) proposed that 

deficits in performance reflect lapses in attention or arousal, which are characterised by brief 

periods of no response, extreme drowsiness, and changes in EEG amplitude. Since these early 

hypotheses, three major theories have been developed to explain the effects of sleep loss on 

cognition: the controlled attention hypothesis, the vigilance hypothesis, and the frontal lobe 
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hypothesis. It is important to note that whilst evidence has been found to support each hypothesis, it 

is possible that the three models are not mutually exclusive.  

The controlled attention hypothesis. In 2007, Pilcher and colleagues explored the impact of 

sustained operations and sleep deprivation on a wide range of tasks. Following 28 hours of 

sustained operations and sleep deprivation, they reported that performance remained largely 

unaffected in cognitively demanding tasks, but that performance was poorer on vigilance tasks 

(Pilcher, Band, Odle-Dusseau, & Muth, 2007). Their results supported the arousal hypothesis, 

whereby sleep deprivation impacted tasks where arousal levels were assumed to be low, whilst 

high-arousal tasks remained largely unaffected. However, whilst providing support for the arousal 

hypothesis, Pilcher and colleagues hypothesised that their pattern of results reflected the 

individuals’ attentional control capacity (i.e., their ability to choose what they attend to), rather than 

merely their arousal level. They therefore proposed the ‘controlled attention hypothesis’, which 

posits that basic tasks (i.e., the vigilance task) do not encourage attentive behaviours and therefore 

are harder for participants to attend to, whilst more complex tasks are easier to focus on as they 

encourage attentive behaviour. In their study, sleep deprivation selectively impacted on “low” 

attention tasks that required greater attentional control. Consequently, they concluded that 

controlled attention may be the underlying cognitive element in maintaining performance following 

sleep deprivation (Pilcher et al., 2007).  

The vigilance hypothesis. In the sleep literature, vigilance has been consistently shown to be 

one of the most affected components of cognition following a period of sleep loss (Lim & Dinges, 

2008, 2010). Vigilance, or sustained attention, plays an important role in many aspects of higher-

order cognition, such that an individual’s ability to engage in such tasks is dependent on their ability 

to sustain a sufficient level of vigilance whilst performing that task. Sleep loss results in a number 

of changes during a vigilance task including: overall slowing of reaction times, increased 

commission and omission errors, and enhanced time on task effects (for review see Lim & Dinges, 

2008). Therefore, given the relationship between vigilance and cognitive functioning more broadly, 
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Lim and Dinges (2008) proposed the vigilance hypothesis. This hypothesis suggests that sleep loss 

primarily impacts on vigilance, which in turn results in the broad deficits in cognition that are 

typically seen following sleep loss. 

The frontal lobe hypothesis. The neuropsychological hypothesis, or ‘frontal lobe 

hypothesis’, on the other hand, argues that sleep loss selectively and directly impacts on the 

efficient functioning of the prefrontal cortex (PFC), an area of the brain proposed to mediate 

executive functioning skills (Harrison & Horne, 2000; Jones & Harrison, 2001). In adults, the PFC 

constitutes approximately 30% of the brain’s total cortical mass and is proposed to be one of the 

hardest working brain regions during wakefulness (Harrison & Horne, 2000). As mentioned 

previously, sleep is proposed to play an important role in restorative processes, with previous 

research suggesting that slow wave sleep is important for cortical recovery. EEG studies have 

identified that slow wave activity is more intense in the PFC during sleep (for review see Harrison 

& Horne, 2000). Consequently, Harrison and Horne (2000) proposed that the PFC may be one of 

the first brain regions affected by sleep loss, which in turn results in executive functioning 

impairments. Neuroimaging studies exploring the effects of sleep deprivation on the brain have 

found support for this hypothesis. During executive functioning tasks and at rest, changes in activity 

in the PFC as well as decreases in connectivity between the PFC and other brain regions have been 

reported (Bernardi et al., 2015; Chee & Choo, 2004; Chee et al., 2006; Shao et al., 2013; Thomas et 

al., 2000; Verweij et al., 2014; for review also see Krause et al., 2017).  

Sleep and cognitive control 

Cognitive control 

One aspect of cognition that has often been explored in sleep deprivation studies is cognitive 

control. Cognitive control is an umbrella term used to refer to a set of higher-order cognitive 

processes, or executive functions, that allow an individual to engage in flexible and goal-directed 

behaviours (Crone & Steinbeis, 2017; Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 

2004). Three core components of cognitive control have been described in the sleep literature: 
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selective attention/interference suppression, which is the ability to selectively attend to information 

while ignoring irrelevant stimuli; response inhibition, which refers to inhibiting an automatic, 

prepotent response; and, performance monitoring, which refers to an individual’s ability to monitor 

their own behaviour and adjust that behaviour as needed (Crone & Steinbeis, 2017; Ridderinkhof et 

al., 2004). Many paradigms have been used to assess cognitive control, including the Stroop, 

Flanker, Go/NoGo, and Stop Signal task, with the Flanker task and Go/NoGo task being two of the 

most commonly used in the sleep literature. The Flanker task assesses selective 

attention/interference suppression by requiring individuals to respond to a target (central) stimulus 

whilst ignoring irrelevant stimuli (Eriksen & Eriksen, 1974). The Go/NoGo task, on the other hand, 

is a measure of response inhibition. During this task, individuals are asked to respond to a series of 

Go trials and to withhold (inhibit) their response when presented with a NoGo trial (Ridderinkhof et 

al., 2004). Performance monitoring is typically assessed by measuring post-error slowing (reaction 

time following an error), overall performance in such tasks, and the brain’s response to errors.  

Sleep and behavioural indices of cognitive control 

 Sleep deprivation studies have often found that inadequate sleep results in poorer 

performance on cognitive control tasks. Renn and Cote (2013) reported that following 34 hours of 

sleep deprivation, participants had slower reaction times during a Flanker task, and made more 

errors during the Flanker task and Go/NoGo task in comparison to a rested control group. Similarly, 

Tsai, Young, Hsieh, and Lee (2005) reported that following 25 hours of sleep deprivation, 

participants made more errors and had slower reaction times on a Flanker task in comparison to 

performance on their baseline night. For post-error slowing behaviours, Tsai et al. (2005) reported 

that sleep-deprived participants had impairments in post-error adjustments and accuracy, whilst 

Hsieh, Cheng, and Tsai (2007) reported that following one night of sleep deprivation, participants 

had a reduced error correction rate in comparison to their baseline night. Taken together, these 

studies suggest that sleep deprivation results in difficulties with interference suppression/selective 

attention, performance monitoring, and inhibition.  
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 It is important to note, however, that these findings are not consistently reported. In sleep 

fragmentation studies, participants who were exposed to nocturnal traffic noise did not exhibit 

differences in accuracy or reaction times on Flanker and Go/NoGo tasks (Ko, Fang, Tsai, & Hsieh, 

2015; Schapkin, Falkenstein, Marks, & Griefahn, 2006a, 2006b). Similarly, Breimhorst and 

colleagues, who assessed naturalistic sleep disturbance using PSG, and Hseih and colleagues, who 

used a sleep deprivation protocol, found no differences in reaction times or accuracy on Go/NoGo 

and Flanker tasks respectively (Breimhorst, Falkenstein, Marks, & Griefahn, 2008; Hsieh et al., 

2007). These discrepancies in the literature may reflect differences in sleep protocols, with 

performance differences reported in sleep deprivation studies but not observational or sleep 

fragmentation studies. Alternatively, given discrepancies within the sleep deprivation literature, it is 

possible that behavioural measures are not sensitive enough to detect changes in cognitive control 

following inadequate sleep.  

Sleep and electrophysiological indices of cognitive control 

In addition to behavioural measures, sleep deprivation studies have often used event-related 

potentials (ERPs) to assess changes in EEG activity during cognitive control tasks. ERPs are 

computed by averaging time-locked EEG segments to a specific event, such as a response or the 

presentation of a stimulus (Colrain & Campbell, 2007; Rugg, 2001). The components elicited are 

thought to reflect different aspects of cognitive processing, with early components (≤ 100 ms) 

reflecting early sensory processing and attention and later components proposed to reflect higher-

order processing (Colrain & Campbell, 2007). This makes ERPs an ideal method for exploring the 

relationship between sleep and the brain, as it allows researchers to measure changes in underlying 

brain functioning that is not captured by behavioural measures (Colrain & Campbell, 2007).  

Stimulus-locked ERPs. Changes in stimulus-locked ERPs, including the N2 and P3, have 

been observed following sleep deprivation. The N2 is a fronto-central negativity that occurs 200 - 

300 ms following the presentation of a stimulus (for a visual representation of the N2 see Luck, 

2014). During both Flanker and Go/NoGo tasks, larger N2 amplitudes have been found on NoGo 
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trials and incongruent trials relative to Go and congruent trials respectively (termed the N2 effect; 

Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, 2003). The functional significance of 

the N2 effect is still debated by researchers, with previous studies suggesting that the N2 reflects an 

early inhibition process that occurs prior to motor execution during a Go/NoGo task (Falkenstein, 

Hoormann, & Hohnsbein, 1999; Nieuwenhuis et al., 2003). An alternative theory is that the N2 is 

not specifically modulated by inhibition, but rather by the conflict between the execution of a 

response and the inhibition of a response. This in combination with larger N2 amplitudes observed 

during the incongruent condition on the Flanker task has lead researchers to conclude that the N2 

reflects conflict monitoring (Donkers & Van Boxtel, 2004; Falkenstein, 2006; Groom & Cragg, 

2015; Nieuwenhuis et al., 2003). 

In the sleep literature, a handful of studies have explored the relationship between sleep and 

the N2. In their study, Renn and Cote (2013) reported that following one night of total sleep 

deprivation participants exhibited a significant reduction in N2 amplitude on a Go/NoGo task, 

whilst no differences were observed in N2 latency. From these findings they concluded that sleep 

deprivation resulted in impairments in the inhibitory network. Similar findings have also been 

reported in studies using sleep fragmentation protocols. Schapkin and colleagues (2006a, 2006b) 

conducted two separate studies exploring the effects of sleep fragmentation on N2 amplitude during 

a Go/NoGo task. After exposing participants to nocturnal traffic noise, they reported that higher 

levels of sleep disturbance (i.e., poorer sleep quality) were associated with reduced N2 amplitude 

and delayed N2 latency (Schapkin et al., 2006b, 2006a). Similarly, Breimhorst et al. (2008) who 

explored the relationship between sleep quality and the N2 reported that higher levels of sleep 

disturbance were associated with reduced N2 amplitudes, but that there were no differences in N2 

latency. Whilst differences in the N2 have been observed during Go/NoGo tasks, the same pattern 

of results are not found in studies using the Flanker task. For example, Renn and Cote (2013) asked 

participants to complete a Flanker task in addition to a Go/NoGo task. Whilst finding differences in 

NoGo N2, they noted that sleep deprivation did not result in changes to N2 during the Flanker task. 
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Similarly, during their study Ko et al. (2015) reported no difference in N2 between high and low 

sleep fragmentation groups on a Flanker task. Taken together, these studies indicate that sleep 

deprivation and poor sleep quality (both naturalistic and experimentally-induced) are associated 

with smaller N2 amplitudes during the Go/NoGo task but not during the Flanker task. As mentioned 

previously, the functional significance of the N2 is debated with researchers proposing that the 

NoGo N2 reflects an early inhibition process, whilst the N2 generated during the Flanker task 

reflects conflict monitoring. Therefore, it is possible that inconsistencies in the sleep literature 

reflect differences in cognitive domains affected by sleep loss, whereby inadequate sleep is 

associated with impairments in early inhibition (i.e., NoGo N2) but not conflict monitoring (i.e., 

Flanker N2).  

The P3 is a positive ERP that typically occurs between 300 and 500 ms following the 

presentation of a stimulus (for a visual representation of the P3 see Luck, 2014). The P3 peak 

consists of two components, the NoGo P3, and the Go P3 or P3b. The NoGo P3 is fronto-centrally 

distributed and is larger in amplitude on NoGo trials relative to Go trials (Groom & Cragg, 2015; 

Polich, 2007). Previous research has proposed that this component is generated by activity in the 

pre-supplementary motor areas and the inferior frontal cortex, or the cingulate regions, and reflects 

response inhibition (Groom & Cragg, 2015). The Go P3, on the other hand, is largest parietally and 

is typically elicited by task-relevant stimuli (Stige, Fjell, Smith, Lindgren, & Walhovd, 2007). The 

Go P3, or P3b, is associated with attention and appears to be related to memory processing (Polich, 

2007). Whilst the P3 is often reported in the context of the NoGo task, changes in P3 amplitude 

have also been reported during a Flanker task. Groom and Cragg (2015) noted that P3 amplitude 

was significantly larger following incongruent trials relative to congruent trials. They concluded 

that the P3 generated during the Flanker task reflected evaluation processes within the conflict 

monitoring system.  

 The relationship between sleep and the P3 has often been inconsistent. Renn and Cote 

(2013) reported that participants exhibited a reduction in amplitude and delays in the latency of the 
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Go P3 following one night of total sleep deprivation but exhibited no difference in the NoGo P3. 

They also reported that sleep deprivation resulted in delayed P3 latency during a Flanker task. 

Using a Flanker task, Tsai et al. (2005) and Ko et al. (2015) also noted changes in P3, with 

reductions in amplitude observed following total sleep deprivation and poor sleep quality 

respectively. In contrast, Schapkin and colleagues (2006a, 2006b) did not report changes in Go P3 

during a Go/NoGo task following exposure to nocturnal traffic noise (Schapkin et al., 2006a, 

2006b), whilst Breimhorst et al. (2008) noted that poorer sleepers had delayed NoGo P3 latencies 

but no changes in NoGo P3 amplitude. Collectively, these findings suggest that the processes 

reflected by the Go P3 and P3 during the Flanker task may be more sensitive to sleep deprivation, 

while the NoGo P3 is more vulnerable to poor sleep quality.  

Response-locked ERPs. In the early 1990s Falkenstein and colleagues first described ERPs 

that were associated with performance monitoring. They noted that following an error, participants 

had a fronto-centrally distributed negative component, which they termed the ‘error negativity’ (Ne 

or ERN; Falkenstein, Hohnsbein, & Hoormann, 1990; Falkenstein, Hoormann, Christ, & 

Hohnsbein, 2000). The ERN is thought to be generated by the anterior cingulate cortex (ACC) and 

typically occurs 50 – 100 ms after an incorrect response is made (Olvet & Hajcak, 2008; for a visual 

representation of the ERN see Falkenstein et al., 2000). Whilst it is well accepted that the ERN is an 

electrophysiological index of performance monitoring, the exact functional significance of the ERN 

has been widely debated. Falkenstein and colleagues (1990) initially proposed that the ERN 

represented a mismatch between correct and incorrect trials, and therefore served as an error 

detection mechanism. Gehring and colleagues extended this theory by proposing that the ERN 

reflected an error detection and compensation mechanism (Gehring, Goss, Coles, Meyer, & 

Donchin, 1993). Conversely, Holroyd and Coles (2002) proposed that the ERN reflects a 

dopaminergic reinforcement learning signal, whereby the ERN is generated as a result of the 

mesencephalic dopamine system sending a negative reinforcement learning signal to the frontal 

cortex in response to an event that is worse than expected (e.g., an error). Alternate theories have 
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proposed that the ERN reflects conflict between competing response, rather than a specific error-

detection mechanism (Carter et al., 1998; Carter & van Veen, 2007; Yeung, Botvinick, & Cohen, 

2004). 

Sleep deprivation studies have consistently found reductions in ERN amplitudes following 

one night of total sleep deprivation. Renn and Cote (2013) reported that following 34 hours of sleep 

deprivation, participants exhibited a significant reduction in ERN amplitude on a Flanker task and 

Go/NoGo task. Similarly, Hseih et al. (2007) and Tsai et al. (2005) reported that following 

approximately 25.5 hours of sleep deprivation ERN amplitudes were reduced during a Flanker task. 

In comparison, changes in sleep quality and daytime sleepiness are not associated with reductions in 

ERN amplitude. Ko et al. (2015) disrupted participants sleep by exposing them to frequent auditory 

stimuli during sleep to produce low sleep fragmentation and high sleep fragmentation groups. No 

differences in ERN amplitudes were observed between groups, suggesting that changes in sleep 

quality were not significantly associated with error detection. To explore the effects of sleepiness on 

error processing, Murphy and colleagues asked participants to complete a Flanker task at two levels 

of alertness. They reported that after 20 hours of wakefulness participants were subjectively sleepier 

in comparison to 4 hours of wakefulness, but that no differences were observed in ERN amplitude 

(Murphy, Richard, Masaki, & Segalowitz, 2006). Similarly, Asaoka et al. (2010) reported no 

relationship between ERN amplitude and sleepiness in their study where they examined error 

processing in individuals immediately after awakening from a nap (i.e., during a period of sleep 

inertia). Taken together, these studies provide evidence for a relationship between sleep deprivation 

and inefficiencies in error detection, but fail to find a relationship between sleep quality, daytime 

sleepiness and the ERN.  

 Following the ERN is the error-positivity (Pe), a parietally distributed positivity that occurs 

approximately 200 – 500 ms after an error (for a visual representation of the Pe see Falkenstein et 

al., 2000). In the early 1990s the Pe was initially proposed to represent the processing of an error 

(Falkenstein, 1990). Later, Falkenstein and colleagues (2000) reported that Pe amplitude was 
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associated with error significance, suggesting that it not only reflected error processing but also the 

subjective or emotional evaluation of the error. The Pe has also been proposed to reflect behavioural 

adjustments following an error, with previous studies identifying a link between Pe amplitude and 

post-error slowing behaviours (Wiersema, Van Der Meere, & Roeyers, 2005). 

 In the adult sleep literature, research exploring the relationship between sleep and Pe has 

often been inconsistent. Using a sleep deprivation paradigm, Tsai et al. (2005) reported that 

participants exhibited a significant reduction in Pe amplitude following one night of total sleep 

deprivation in comparison to their baseline night. Similarly, Ko et al. (2015) reported that 

participants in a high sleep fragmentation group exhibited significantly smaller Pe amplitudes than 

the low sleep fragmentation group. Studies exploring the relationship between daytime sleepiness 

and Pe amplitude have also found a relationship, with Murphy et al. (2006) and Asaoka et al. (2010) 

reporting that higher levels of sleepiness were associated with reductions in Pe amplitude. On the 

other hand, Renn and Cote (2013) and Hsieh et al. (2006) reported no differences in Pe amplitude 

following one night of total sleep deprivation. Renn and Cote (2013) proposed that inconsistencies 

in findings may reflect differences in the number of errors made. Alternatively, it is possible that 

inconsistencies reflect individual differences in error awareness or the salience of the error-inducing 

stimulus (Overbeek, Nieuwenhuis, & Ridderinkhof, 2005). 

Sleep and cognition: A developmental perspective 

Sleep and cognitive control 

 In children and adolescents, only a handful of studies have explored the relationship 

between sleep and cognitive control. From a behavioural perspective, inadequate sleep has been 

associated with poorer performance on tasks assessing interference suppression and inhibition. For 

example, Nelson, Nelson, Kidwell, James, and Espy (2015) reported that parent-reported sleep 

problems in children were associated with poorer interference suppression during a Stroop task, 

whilst Sadeh, Gruber, and Raviv (2002) noted that higher levels of sleep fragmentation were 

associated with inhibition difficulties. In adolescents, Telzer, Fuligni, Lieberman, and Galván 
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(2013) used a self-report questionnaire to evaluate sleep quality. They assessed cognitive control 

using a Go/NoGo task whilst participants underwent an fMRI. Results indicated that poorer sleep 

quality was associated with slower reaction times on Go trials as well as decreased activation in the 

dorsolateral PFC during NoGo trials. Studies exploring executive functioning more broadly have 

also identified a relationship between sleep and executive functioning problems in adolescents. For 

example, Anderson, Storfer-Isser, Taylor, Rosen, and Redline (2009) identified that higher levels of 

self-reported daytime sleepiness were associated with an increase in parent-reported executive 

functioning problems in adolescents, whilst Beebe et al. (2008) reported an increase in parent-

reported executive functioning problems after adolescents underwent a sleep restriction protocol.  

 From an electrophysiological perspective, very few studies have used ERPs to explore the 

relationship between sleep and cognitive control in children and adolescents. In their study, 

Hoyniak, Petersen, McQuillan, Staples, and Bates (2015) explored sleep patterns in a group of 3-

year-old children using actigraphy. They reported that irregular sleeping patterns were associated 

with longer P3 latencies, but that there were no differences in P3 amplitude, suggesting that larger 

variability in night-to-night sleeping patterns was associated with poorer attentional processing.  

Understanding the relationship between sleep and cognitive control in children and 

adolescents is important, as cognitive control skills predict academic achievement in school-aged 

children, as well as success later in life (Moffitt et al., 2011; St Clair-Thompson & Gathercole, 

2006). Whilst a number of studies have found support for the relationship between sleep and 

cognitive control in adults, it is not possible to extend these findings to children and adolescents due 

to changes in sleep and brain development that occur during this period (outlined below). Therefore, 

further research is required to extend the existing literature on the relationship between sleep and 

cognitive control in children and adolescents and also to explore whether there are developmental 

differences in this relationship.  
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Sleep and development  

Across development, a number of changes occur in sleep, including changes in sleep 

duration, sleep distribution, sleep architecture, and the sleep-wake cycle (Meltzer & Mindell, 2006; 

Ohayon, Guilleminault, & Vitiello, 2004). In the early stages of life, newborns sleep for a high 

proportion (approximately 64%) of the 24-hour day (Crabtree & Williams, 2009). This sleep is 

usually multiphasic, whereby sleep is distributed over multiple sleep periods across the day and 

night (Crabtree & Williams, 2009; Henderson, France, Owens, & Blampied, 2010; Meltzer & 

Mindell, 2006; Sadeh, Raviv, & Gruber, 2000). By school-age, children are typically monophasic 

and have one consolidated sleep period at night (Galland, Taylor, Elder, & Herbison, 2012; Meltzer 

& Mindell, 2006; Skeldon, Derks, & Dijk, 2016). 

Decreases in sleep duration across development are also observed (Galland et al., 2012; 

Ohayon et al., 2004; Scholle et al., 2011). One-year-olds typically sleep 11 - 14 hours per night, 

which reduces to 9 - 11 hours per night for school-age children (6 - 13 years old; Crabtree & 

Williams, 2009; Galland et al., 2012; Hirshkowitz et al., 2015). Sleep duration continues to decline 

between childhood and adolescence, with previous studies identifying a decline of approximately 

14 minutes per year across adolescence (Olds, Blunden, Petkov, & Forchino, 2010). Whilst there is 

extensive evidence for decreases in sleep duration across adolescence, it is less clear as to whether 

this change is purely due to changes in sleep need or as a result of environmental factors influencing 

sleep opportunities in this population (e.g., social commitments, school start times; Crabtree & 

Williams, 2009; Ohayon et al., 2004; Olds, Blunden, et al., 2010). Nonetheless, adolescents are 

thought to need approximately 8 - 10 hours of sleep each night and by early adulthood through to 

older adulthood, sleep needs are estimated at approximately 7 - 9 hours (Hirshkowitz et al., 2015; 

Ohayon et al., 2004). 

As mentioned previously, normal human sleep consists of two states: REM sleep and 

NREM sleep. Across development, the pattern and proportion of these states change. At birth, 

infants spend approximately 70 - 80% of the sleep cycle in REM sleep. This declines to 
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approximately 30% at 6 months of age and reaches adult levels of 20 - 25% by 5 years of age 

(Grigg-Damberger, 2016). Whilst there is an overall decline in the number of minutes spent in REM 

sleep, the percentage of time spent in REM sleep remains relatively stable until old age (Carskadon 

& Dement, 2017). Changes in slow wave sleep are also noted. Previous research has identified that 

slow wave (delta) activity peaks in early childhood, remains stable between 6 and 11 years of age, 

before declining rapidly by approximately 65% between 11 and 16.5 years of age (Campbell & 

Feinberg, 2009; Feinberg & Campbell, 2010; Feinberg, de Bie, Davis, & Campbell, 2011). This 

decline typically occurs in a ‘back to front’ fashion, with decline occurring at occipital regions first 

and frontal regions last (Feinberg et al., 2011). In addition, the neural distribution of slow wave 

activity also changes. In childhood, slow wave activity is dominant in posterior brain regions and 

throughout adolescence this gradually moves anteriorly, with slow wave activity being dominant in 

frontal regions by 17 years of age (Feinberg et al., 2011). This decline and reorganisation of slow 

wave activity is proposed to reflect brain maturation and the underlying synaptic pruning that 

occurs (Colrain & Baker, 2011; Feinberg & Campbell, 2010; Feinberg et al., 2011). From the age of 

17 years onwards, slow wave sleep continues to decline gradually and the percentage of N2 sleep 

increases (Carskadon & Dement, 2017; Ohayon et al., 2004). N1 sleep typically remains stable from 

childhood to early adulthood, before increasing into old age (Ohayon et al., 2004). 

Adolescence also represents a shift in the sleep-wake cycle, that is marked by later bedtimes 

and risetimes. This shift in the sleep-wake cycle is proposed to reflect changes in the two sleep-

regulation processes, homeostatic pressure and circadian rhythm. Jenni, Achermann, and Carskadon 

(2005) reported that the build-up of homeostatic sleep drive is slower in older adolescence, in 

comparison to younger adolescence and children, which results in delayed sleep onset. Changes in 

intrinsic circadian phase have also been identified, with previous research reporting that melatonin 

secretion was delayed in older adolescents in comparison to younger adolescents. This change in 

melatonin was associated with puberty onset, suggesting that puberty results in biological changes 

in circadian rhythm (Carskadon, Acebo, Richardson, Tate, & Seifer, 1997; Carskadon, Labyak, 
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Acebo, & Seifer, 1999). Collectively, these changes in homeostatic pressure and circadian phase 

result in delays to the sleep-wake cycle whereby adolescents have delayed bedtimes and a 

preference for evening activities. This delay reaches a maximum at around 20 years of age (Colrain 

& Baker, 2011). 

Brain development 

The human brain undergoes considerable development across the lifespan. During the first 

two years of life, there is dramatic change in brain structure and function. The brain grows to 

approximately 70% of its adult size by the age of 1 and continues to grow until the age of 5, where 

brain growth then plateaus (Casey, Tottenham, Liston, & Durston, 2005; Tau & Peterson, 2010). 

Although total brain size remains relatively stable from the age of 5, the brain continues to develop 

through a series of progressive and regressive events. Cortical grey matter is shown to decrease 

across development. This decrease is thought to reflect synaptic pruning and cell death in neurons 

and glial cells (Casey et al., 2005; Durston et al., 2001; Spear, 2000). Synaptic pruning is an 

important process as it helps with rewiring brain connections, allowing for increases in brain 

efficiency (Casey et al., 2005; Durston et al., 2001). In contrast, white matter volume significantly 

increases across childhood and into early adulthood. This increase is thought to reflect ongoing 

myelination of axons by oligodendrocytes and is an important process for enhancing neuronal 

conduction and communication (Casey et al., 2005; Durston et al., 2001). The human brain 

typically develops in a ‘back to front’ pattern, with primary sensorimotor areas developing first, 

followed by temporal and parietal association cortices (i.e., those involved in basic language skills 

and spatial attention). Higher-order association areas, including the lateral temporal cortices and the 

PFC, are the last to develop (Casey et al., 2005). The PFC develops at a more extended rate than 

other brain regions and does not finish developing until early adulthood. Development of the PFC 

maps onto maturation of higher-order cognitive abilities, such as cognitive control, which undergo 

considerable development from childhood to adulthood (Casey et al., 2005).  
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Cognitive control development 

 The development of cognitive control has been closely tied with the maturation of the PFC. 

Previous literature has highlighted that performance on measures of response inhibition, 

interference suppression, and error monitoring improves across childhood and adolescence, with 

these improvements being linked to changes in neural activity within the PFC (for review see Crone 

& Steinbeis, 2017). Furthermore, studies have highlighted that different aspects of cognitive control 

develop at different rates, which is proposed reflect the maturation of separate subregions within the 

PFC (Crone & Steinbeis, 2017). ERPs have often been used to explore the development of 

cognitive control, with previous research highlighting that N2 amplitude and N2 latency decreases 

with age (Brydges, Anderson, Reid, & Fox, 2013; Hämmerer, Li, Müller, & Lindenberger, 2010; 

Johnstone, Pleffer, Barry, Clarke, & Smith, 2005; Jonkman, Lansbergen, & Stauder, 2003; 

Ladouceur, Dahl, & Carter, 2004; Lamm, Zelazo, & Lewis, 2006). In their study, Lamm and 

colleagues reported that this decrease in N2 amplitude appeared to reflect improvements in 

performance on tasks assessing cognitive control (e.g., NoGo task). They concluded that amplitude 

reductions reflected increasing efficiency of the relevant areas of the PFC, including the ACC, 

where the N2 is proposed to be generated. Furthermore, they proposed that the N2 latency, which 

was not associated with performance, reflected enhanced conductivity as a result of the myelination 

that occurs during development (Lamm et al., 2006). Topographic changes have also been 

observed. In childhood, the N2 is centrally distributed and with increasing age, it shifts to be more 

frontally distributed. This shift is proposed to reflect changes in the underlying neural regions used 

during cognitive control tasks, with cortical activity becoming less diffuse and more focal (Brydges 

et al., 2013; Crone & Steinbeis, 2017; Lamm et al., 2006).  

Research exploring the development of the P3 is inconsistent. Jonkman et al. (2003) 

reported that the NoGo P3 was present in adults, but not children. Other studies have reported 

similar findings, noting that the NoGo P3 is absent in early childhood and does not develop until 

late childhood (approximately 10 - 11 years old). Amplitude then continues to increase, whilst 
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latency decreases with age (Hämmerer et al., 2010; Johnstone et al., 2005; Jonkman, 2006; Okazaki 

et al., 2004). These changes are proposed to reflect improvements in response inhibition. 

Conversely, Lewis and colleagues reported that the NoGo P3 amplitude decreased with age and that 

this decrease reflected increasing cortical efficiency (Lewis, Lamm, Segalowitz, & Stieben, 2006). 

No differences were reported on the Go P3 (Lewis et al., 2006). Developmental changes in the P3 

have also been observed during the Flanker task. Davies and colleagues reported that children had 

larger P3 responses to Flanker stimuli (Davies, Segalowitz, & Gavin, 2004b), whilst Rueda and 

colleagues noted larger P3 amplitudes and longer P3 latencies in 4-year-old children on incongruent 

trials in comparison to adults (Rueda, Posner, Rothbart, & Davis-Stober, 2004). Rueda and 

colleagues concluded that this reflected increased difficulty for children in their ability to monitor 

and resolve conflict. Whilst these studies are inconsistent, they highlight a number of 

developmental changes in P3, suggesting that the underlying neural regions that generate these 

components are maturing and becoming more efficient.  

Developmental changes have also been observed for response-locked components. In 2004, 

Davies and colleagues measured ERN amplitudes across children and adolescents aged between 7 

and 18 years old. They reported that ERN amplitudes were larger in older adolescents in 

comparison to children, but that this increase was not linear, with children exhibiting an initial drop 

in amplitudes at around 10 to 13 years of age before amplitude increased steadily throughout 

adolescence (Davies et al., 2004b; Davies, Segalowitz, & Gavin, 2004a). A number of studies have 

reported similar findings, with larger ERN amplitudes observed in adolescents and young adults in 

comparison to young adolescents and children, with ERN amplitudes proposed to reach adult levels 

in late adolescence (Ladouceur, Dahl, & Carter, 2007; Santesso & Segalowitz, 2008; Santesso, 

Segalowitz, & Schmidt, 2006; van Meel, Heslenfeld, Rommelse, Oosterlaan, & Sergeant, 2012). 

This increase in ERN amplitude is proposed to reflect the maturation of the neural systems 

associated with performance monitoring, which includes the dorsal ACC, the posterior cingulate 

cortex, and the lateral PFC (Tamnes, Walhovd, Torstveit, Sells, & Fjell, 2013).  
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As mentioned previously, following the ERN is the Pe, a positive waveform associated with 

error evaluation. Whilst studies have reported that the ERN develops into late adolescents, Pe 

amplitudes reportedly remain stable across this period with children, adolescents, and young adults 

displaying similar Pe amplitudes (Davies et al., 2004b, 2004a; Ladouceur et al., 2004; Wiersema, 

van der Meere, & Roeyers, 2007). These findings suggest that the cognitive processes associated 

with the Pe reach maturity in early childhood. However, these findings are not consistently 

reported. In 2007, Ladouceur and colleagues reported that older adolescents had larger Pe 

amplitudes in comparison to young adults and younger adolescents (Ladouceur et al., 2007), whilst 

Eppinger and colleagues reported larger Pe amplitudes in children in comparison to adults 

(Eppinger, Mock, & Kray, 2009). Ladouceur and colleagues proposed that group differences 

reflected differences in how individual’s felt about making errors, whilst other studies proposed that 

decreasing amplitudes reflect increasing efficiency of the underlying cognitive process/brain region 

(Lamm et al., 2006).  

The relationship between sleep and brain development 

Brain development is an interactive process, whereby the brain is dependent on 

environmental cues to aid appropriate organisation and overall development. As a result, during 

periods of brain development the brain is more sensitive to the potential adverse effects from 

environmental factors (Andersen, 2003). In particular, previous research has identified that the 

developing brain is more sensitive to disruption from stress, drugs, brain injury, and infection (for 

review see Andersen, 2003; Spear, 2000). For example, early exposure to drugs, including 

stimulants, alcohol, and nicotine, have more extensive and permanent effects than later exposure to 

the same drugs (Andersen, 2003). As mentioned previously, the PFC undergoes one of the longest 

periods of development relative to other brain regions. Therefore, given the potential relationship 

between sleep and PFC functioning, it is possible that children and adolescents are also more 

susceptible to the effects of poor sleep than adults due to this immaturity.  
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 To date only a handful of animal studies have explored the impact that sleep loss has on 

brain development. Seugnet and colleagues explored this relationship in Drosophila melanogaster 

(fruit flies). They reported that, following sleep deprivation, young flies exhibited memory and 

response inhibition impairments that persisted for approximately 6 days. In comparison, they noted 

that adult flies with the same amount of sleep deprivation also exhibited deficits in these areas but 

that these were readily reversed within a few hours of recovery sleep (Seugnet, Suzuki, Donlea, 

Gottschalk, & Shaw, 2011; see also Zhao, Zhao, & Veasey, 2017). These results suggest that the 

developing brain may be more vulnerable to the effects of sleep loss, with sleep deprivation 

resulting in long-term deficits. 

In humans, there is limited research exploring the long-term impact that sleep problems have 

on cognition. Sadeh et al. (2015) reported that sleep at 12 months of age predicted cognitive 

functioning at 3 - 4 years of age. Using a longitudinal design, their results indicated that poorer 

sleep quality in infancy was associated with poorer attention regulation and an increase in behaviour 

problems at 3 - 4 years old. Similarly, Buckhalt and colleagues reported that poorer sleep quality at 

8 – 9 years of age predicted lower cognitive performance one year later (Buckhalt, El-Sheikh, 

Keller, & Kelly, 2009). From a neural perspective, Telzer and colleagues reported that variability in 

sleep duration in adolescents was associated with poorer white matter integrity one year later 

(Telzer, Goldenberg, Fuligni, Lieberman, & Gálvan, 2015). These studies highlight the long-term 

impact of sleep loss on cognitive functioning and the developing brain. Certainly, these results 

suggest that the developing brain is vulnerable to sleep loss, however, as no comparisons were 

made with an adult sample, it is not possible to draw conclusions regarding whether children and 

adolescents are more vulnerable to the effects of sleep loss than adults.  

The research to date exploring developmental differences in the effects of sleep loss is 

limited. Jiang and colleagues used a sleep restriction protocol in a group of young adults and 

adolescents to explore the effects of sleep loss on working memory. They reported that, following 5 

nights of 6 hours sleep, adolescents had a significant increase in reaction times during working 
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memory tasks, whilst young adults exhibited no changes (Jiang et al., 2011). In addition to this 

study, meta-analyses have also explored the effects of age on the relationship between sleep loss 

and cognitive functioning, however, results have been mixed. In their review, Dewald, Meijer, Oort, 

Kerkhof, and Bögels (2010) reported that age moderated the effects of sleep loss on cognitive 

function, with larger effect sizes reported for younger children in comparison to older children. 

Lowe, Safati, and Hall (2017) also reported a significant age effect in their meta-analytic review of 

the relationship between sleep restriction and cognition, however, their findings indicated that there 

was a larger negative effect of sleep restriction in young adults in comparison to children and 

adolescents.  

Collectively, these studies suggest that age differences may occur in the relationship 

between sleep and cognition. However, due to inconsistencies in findings of the meta-analyses it is 

difficult to draw conclusions regarding the impact of age on this relationship. Furthermore, the 

existing body of literature exploring the relationship between sleep and cognition has often used 

different sleep protocols and cognitive outcomes, making it difficult to draw comparisons between 

studies. In particular, approximately 68% of child sleep studies have used naturally occurring sleep 

patterns to examine the relationship between sleep and cognition, whilst the majority of the adult 

literature has focused on experimentally manipulating sleep through total sleep deprivation, sleep 

restriction, or sleep fragmentation (Astill et al., 2012). Consequently, the levels of sleep loss in the 

adult literature are typically more extreme than that seen in children and adolescents, making it 

difficult to assess if developmental differences occur.  

The current thesis 

 To summarise, the adult literature to date suggests that inadequate sleep results in 

behavioural and electrophysiological impairments in cognitive control. However, many of these 

studies have used sleep deprivation or sleep fragmentation protocols, which do not reflect typical 

sleeping patterns seen in the Australian population. Whilst Breimhorst and colleagues (2008) did 

undertake an observational approach, they assessed sleep in a laboratory setting and required 
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participants to adhere to set bed and wake times. Consequently, they did not capture natural 

variations in sleep patterns. In the child and adolescent literature, observational studies are more 

common. However, only a small number of studies have explored the relationship between sleep 

and cognitive control from a behavioural perspective, with even fewer studies using an 

electrophysiological approach. Given the high proportion of young Australians who experience 

inadequate sleep, it is important to understand whether natural variations in sleep duration and sleep 

quality produce similar electrophysiological and behavioural changes to those seen in sleep 

deprivation studies. Furthermore, considering developmental changes in sleep and brain 

development, and emerging research on the effects of age on the relationship between sleep and 

cognition, it is important to understand the role of development on the relationship between sleep 

and cognitive control. The aim of this thesis was to provide insight into the relationship between 

habitual sleeping patterns and cognitive control in young Australians. In order to address whether 

developmental differences exist, this thesis also aimed to explore whether children, adolescents, and 

adults displayed different relationships between sleep and cognitive control.  

To explore the relationship between sleep and cognitive control in this thesis, a novel, 

hybrid Flanker-Go/NoGo task was developed to assess cognitive control. As mentioned previously, 

cognitive control consists of multiple subdomains, including selective attention/interference 

suppression, cognitive flexibility, response inhibition, and performance monitoring. Typically, 

previous literature has used separate tasks to assess these subdomains including the Go/NoGo task 

for response inhibition, the Flanker task for interference suppression, and switching paradigms for 

cognitive flexibility (Crone & Steinbeis, 2017), whilst error monitoring is assessed through post-

error slowing and error rates within these tasks. The hybrid Flanker-Go/NoGo task in this thesis 

consisted of four conditions: a congruent condition, which served as a baseline condition; an 

incongruent condition, which assessed selective attention/interference suppression; a reversed 

condition, which assessed switching/inhibition; and a NoGo condition, which assessed response 

inhibition. Conditions were intermixed as this reduces the potential confounding effects of 
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motivation or fatigue that can occur when participants engage in multiple tasks. Task instructions 

were given in a developmentally appropriate way and the task was designed to be child-friendly, 

appearing as a game where correct responses helped participants fly a spaceship to various 

destinations (i.e., at each break within the task, the participant would reach the next ‘destination’). 

Presenting the task in a child-friendly way was important as it aided with participant engagement 

and ensured that the children understood what was required of them (Berger, Jones, Rothbart, & 

Posner, 2000).  

 Using this task, the following chapters present three studies that examined the relationship 

between sleep and cognitive control in children, adolescents, and young adults. Chapter 2 explores 

the relationship between sleep and behavioural measures of cognitive control in school-age 

children. Parent- and self- reported sleep questionnaires were used to investigate whether higher 

levels of sleep problems and daytime sleepiness were associated with performance on a cognitive 

control task. Due to limitations in the sleep measures used in Chapter 2, Chapter 3 aimed to address 

whether objectively measured changes in sleep were associated with cognitive control in young 

adults. ERPs were used in Chapter 3, in addition to behavioural measures, to explore the 

relationship between sleep and underlying brain functioning during a cognitive control task. Due to 

the proposed developmental differences in the effects of sleep loss and the differences in findings 

between Chapter 2 (children) and 3 (adults), Chapter 4 aimed to explore the effects of development 

on the relationship between sleep and cognitive control. To ensure discrepant findings in Chapters 2 

and 3 were not due to methodological differences, both behavioural and electrophysiological 

indices of cognitive control, in addition to objectively measured sleeping patterns, were collected in 

a group of children, adolescents, and young adults.  
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Abstract 

Cognitive control refers to a subset of executive functions that are important for learning and 

success later in life. These include the ability to selectively attend to information, inhibit responses, 

and monitor performance. In adults, inadequate sleep and daytime sleepiness leads to impairments 

in cognitive control, however, these effects are less clear in children. The aim of this study was to 

investigate whether parent-reported sleep problems or self-reported daytime sleepiness were 

associated with performance on a cognitive control task. Forty-five children aged 6 to 11 years old 

participated in a Flanker-Go/NoGo task. Daytime sleepiness was assessed using the paediatric 

daytime sleepiness scale and parent-reported sleep problems were measured using the sleep 

disturbance scale for children. Results indicated that daytime sleepiness was not directly associated 

with performance (accuracy or reaction time) on measures of cognitive control. However, a 

significant indirect effect was found, indicating that children with higher levels of self-reported 

daytime sleepiness had poorer attention which, in turn, was associated with poorer cognitive 

control. These findings provide support for the vigilance hypothesis, which posits that poor sleep 

results in difficulties with attention and vigilance, which in turn are associated with poorer 

executive functioning.  
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Introduction 

Executive functioning refers to a range of related, but separate, cognitive abilities that allow 

an individual to engage in behaviours that are independent, self-directed, and self-serving (Lezak, 

2012). These include the ability to plan, inhibit, shift, self-monitor, organise, and problem solve. In 

children, executive functioning skills are important for learning, with previous literature reporting 

that executive functioning can predict academic achievement in school-aged children, as well as 

success later in life (Moffitt et al., 2011; St Clair-Thompson & Gathercole, 2006). As executive 

functions play a critical role in everyday life, it is important to have a thorough understanding of the 

factors that can negatively impact these skills.  

 One factor that has been proposed to adversely affect executive functioning is poor sleep. 

Harrison and Horne (2000) proposed that executive functioning is more sensitive to the effects poor 

sleep in comparison to other aspects of cognition. They proposed that this is due to sleep loss 

selectively and directly impacting on the efficient functioning of prefrontal cortex, an area of the 

brain proposed to underlie these skills (Niendam et al., 2012). Whilst Lim and Dinges (2008) agree 

that executive functioning skills are affected by insufficient sleep, they argue that this is via 

attention, whereby poor sleep results in attention/vigilance deficits, which then leads to widespread 

cognitive difficulties. A number of studies have explored the relationship between sleep and 

executive functioning in children (for review see Astill, Van der Heijden, Van IJzendoorn, & Van 

Someren, 2012). Using both experimental and observational techniques to assess sleep, previous 

research has reported that insufficient sleep duration, poor sleep quality, and greater daytime 

sleepiness are associated with poorer performance on a range of different executive functioning 

tasks. These include poorer performance on measures of verbal fluency and abstract thinking, 

higher levels of impulsivity, and higher levels of parent-reported executive functioning problems 

(Anderson, Storfer-Isser, Taylor, Rosen, & Redline, 2009; Blunden, Lushington, Lorenzen, Martin, 

& Kennedy, 2005; Randazzo, Muehlbach, Schweitzer, & Walsh, 1998). Although demonstrating a 
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relationship between sleep and executive functioning, the research to date is limited, with only a 

handful of executive functioning skills being explored.  

In children, one superordinate executive functioning process, often referred to as ‘cognitive 

control', has yet to be fully explored in the sleep literature. Cognitive control is an umbrella term 

used to refer to a set of higher-order cognitive processes, including: selective attention/interference 

suppression (i.e., the ability to selectively attend to information whilst ignoring irrelevant stimuli), 

response inhibition (i.e., the ability to inhibit an automatic, prepotent response), and performance 

monitoring (i.e., the ability to monitor one's own behaviour and flexibly adjust that behaviour as 

needed; Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 2004). A number of tasks have 

been used to assess cognitive control including the Flanker and Go/NoGo tasks. The Flanker task 

measures selective attention/interference suppression by requiring an individual to respond to a 

target stimulus whilst ignoring irrelevant stimuli (Eriksen & Eriksen, 1974). The Go/NoGo task, on 

the other hand, is a measure of response inhibition. During the task, individuals are asked to 

respond to a series of Go trials and to withhold their response when presented with a NoGo trial 

(Ridderinkhof et al., 2004). Performance monitoring can be assessed by measuring post-error 

slowing (reaction time following an error) and overall performance in such tasks.  

In the adult sleep literature, the Go/NoGo and Flanker tasks have been used to assess the 

relationship between sleep and cognitive control. Renn and Cote (2013) reported that following 34 

hours of sleep deprivation adults tended to respond slower on the Flanker task and were less 

accurate on the Go/NoGo task and on trials following incorrect responses, suggesting impairments 

in performance monitoring and inhibition. Similarly, other studies have reported significant failure 

of response inhibition on a Go/NoGo task following 36 hours of sleep deprivation (Anderson & 

Platten, 2011) and that sleep-deprived individuals had greater reaction time variability, reduced 

response speed, and poorer accuracy on a Flanker task following one night of sleep deprivation 

(Tsai et al., 2005). Taken together, these studies indicate that cognitive control processes involving 
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selective attention/interference suppression, response inhibition, and performance monitoring are 

impaired following insufficient sleep in adults.  

To our knowledge, there are no published studies to date exploring the relationship between 

sleep and performance monitoring in typically developing children. Whilst response inhibition and 

interference suppression/selective attention have been assessed in children, the findings have been 

mixed and the number of studies limited. In their study, Nelson, Nelson, Kidwell, James, and Espy 

(2015) found that parent-reported sleep problems in preschool children predicted poorer 

interference suppression on a Stroop-like task in addition to poorer performance on a NoGo task. 

Similarly, Sadeh and colleagues reported a relationship between sleep and inhibition in school-age 

children, with results indicating that increased levels of sleep fragmentation were associated with 

difficulties inhibiting responses on the Continuous Performance Test (CPT; Sadeh, Gruber, & 

Raviv, 2002). Conversely, Vermeulen et al. (2016) reported no relationship between sleep duration 

and inhibition on a Go/NoGo task in children aged 9-11 years old. Similarly, Calhoun et al. (2012) 

and Fallone et al. (2001) reported no relationship between sleep duration and performance on a 

measure of interference suppression (Stroop) and response inhibition on the CPT respectively. It is 

possible that the inconsistencies in the relationship between sleep and cognitive control may be a 

result of how sleep is measured. Calhoun et al. (2012) and Vermeulen et al. (2016) measured sleep 

duration and Fallone et al. (2001) used a sleep restriction protocol, whilst Sadeh et al. (2002) 

assessed sleep fragmentation using actigraphy and Nelson et al. (2015) reported sleep disturbance 

on a parent-report questionnaire. This discrepancy suggests that sleep quality 

(disturbance/fragmentation) may be a better predictor of poorer cognitive control than sleep 

duration. Whilst the independent effects of sleep duration, sleep quality, and daytime sleepiness 

have been proposed in previous papers (e.g., Astill et al., 2012; Bub, Buckhalt, & El-Sheikh, 2011; 

Dewald, Meijer, Oort, Kerkhof, & Bögels, 2010) the relationship between different aspects of sleep 

and cognitive control has yet to be fully explored.  
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The aim of this study was to expand on previous studies by exploring the relationship 

between sleep and different aspects of cognitive control, including selective attention/interference 

suppression, response inhibition, and performance monitoring. Previous literature suggests that 

sleep duration, sleep quality, and daytime sleepiness may have independent effects on cognition. 

Given that sleep quality, but not duration, has been associated with aspects of cognitive control we 

predicted a similar relationship. We hypothesized that poor sleep quality, but not sleep duration, 

would be associated with reduced performance (poorer accuracy and longer reaction times) on a 

cognitive control task in comparison to those without sleep difficulties. Previous studies have also 

reported that daytime sleepiness is associated with executive dysfunction (e.g. Anderson et al., 

2009). Therefore, we also hypothesized that children who report greater daytime sleepiness would, 

similarly, have poorer performance on measures of cognitive control.  

Method 

Ethical approval 

 This study was approved by The University of Western Australia Human Research Ethics 

Committee. Written, informed consent was obtained from the child’s parent/guardian and children 

gave informed assent. 

Participants 

Data were collected from 45 English-speaking children (22 male) aged between 6 and 11 

years (Mage = 9.25, SD = 1.46). Children were recruited through local primary schools and 

participated as part of a broader, child-development research project, which assessed cognitive, 

social, and emotional development. Children participated between 2014 and 2015 at the 

Neurocognitive Development Unit at the University of Western Australia. Data from three children 

were excluded: one who was colour-blind, one who did not understand the task instructions, and 

one who did not press the correct response keys during the Flanker-Go/NoGo task. All participants 

were healthy at the time of testing and parents did not disclose the presence of any sleep conditions 

(e.g., obstructive sleep apnoea) on a demographics questionnaire.  
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Procedure 

 Children attended for one full day over the school holidays (maximum of six children per 

day). All tasks and self-report questionnaires were presented in a child-friendly manner, by trained 

honours and postgraduate psychology students. Regular breaks were scheduled between tasks to 

ensure that children did not become fatigued and task order was counterbalanced across 

participants.  

Measures  

Full-scale IQ. The two-subtest version of the Wechsler Abbreviated Scale of Intelligence 

second edition (WASI-II; Wechsler, 2011) was used to provide a screen of full-scale IQ (FSIQ). 

The average FSIQ for the final sample of 42 children was 112.69 (SD = 9.74).  

Socioeconomic status. Based on the Australian Bureau of Statistics socioeconomic index for 

area (SEIFA) scores (Australian Bureau of Statistics, 2013) participants’ postcodes were used to 

calculate an index of relative socioeconomic disadvantage (percentile rank). The average percentile 

rank for the overall sample of 42 children indicated that they were of high socioeconomic status (M 

= 90, SD = 13.38).  

Sleep Disturbance Scale for Children. Prior to testing, parents were asked to complete the 

Sleep Disturbance Scale for Children (SDSC): a 26-item questionnaire used to assess the risk of 

sleep problems in children (Bruni et al., 1996). The SDSC requires parents to indicate on a 5-point 

Likert scale how frequently their child exhibits certain behaviours during their sleep. Items are 

divided into six different categories: sleep breathing disorders, disorders of excessive somnolence, 

difficulty initiating and maintaining sleep, sleep-wake transition disorders, arousal disorders, and 

sleep hyperhidrosis. An overall sleep disturbance index is also calculated by summing together all 

items, with higher scores indicating greater sleep disturbance. The overall sleep disturbance index 

was used in the current study as a measure of sleep quality, with greater sleep disturbance indicating 

poorer sleep quality. Sleep duration was measured using item one on the SDSC, which asks parents 

to indicate on a 5-point Likert scale how long their child sleeps each night (e.g., 9 - 11 hours, 8 - 9 
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hours). The SDSC has strong internal consistency, with a Cronbach’s alpha of .71 - .79 (Bruni et al., 

1996). Alpha for this study was good at .90. For two children, the SDSC scale was not completed 

and, therefore, these children were excluded pairwise during the analysis. For the remaining 40, 

there were very few missing data (3.37%) across six individuals. These were replaced using 

Expectation Maximization (Meyers, Gamst, & Guarino, 2013). 

Paediatric Daytime Sleepiness Scale. On the day of testing, children were asked to complete 

the Paediatric Daytime Sleepiness Scale (PDSS): an eight-item questionnaire used to evaluate 

subjective daytime sleepiness in school-aged children (Drake et al., 2003; Erwin & Bashore, 2017; 

Gradisar, Gardner, & Dohnt, 2011). The PDSS asks participants to rate on a 5-point Likert scale 

how likely they are to experience drowsiness in certain situations (e.g., during class periods), with 

higher scores indicating greater daytime sleepiness. The PDSS has good internal consistency with 

Cronbach’s alpha reported as .81 and .80 in split-half samples (Drake et al., 2003). Alpha for this 

study was good at .72. Three participants did not complete the PDSS and were therefore excluded 

pairwise during the analysis. For the remaining 39 participants, only one child had missing values 

(0.21%), which were replaced using Expectation Maximization. 

Cognitive control task. A computerized, hybrid Flanker-Go/NoGo task was used in the 

current study to measure cognitive control (adapted from Mansfield, van der Molen, Falkenstein, & 

van Boxtel, 2013). Each stimulus consisted of three arrows presented on a black background (see 

Figure 2.1). Each arrow was separated by .07° and was subtended .62° horizontally and .62° 

vertically. The task consisted of four conditions; congruent (40% of trials), incongruent (20% of 

trials), reversed (20% of trials), and NoGo (20% of trials). In the congruent condition, which served 

as a baseline condition, all the arrows were green and faced the same direction. Selective attention 

was assessed by the incongruent condition (20% of trials). In this condition, the arrows were green, 

but the target (central) arrow faced the opposite direction to the flankers. The reversed condition 

(20% of trials) served as a measure of switching/inhibition, whilst the NoGo condition (20% of 

trials) assessed response inhibition. Twenty-seven participants (62.79%) received blue and red 
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arrows in the reversed and NoGo conditions respectively, while these colours were reversed for the 

remaining 16.  

Prior to the presentation of each stimulus, a fixation cross was presented for 500 ms. The 

stimulus was then presented for 300 ms and participants were required to indicate the direction of 

the target (central) arrow by pressing one of two keys on the keyboard (the ‘z’ and ‘/’ keys, which 

were covered by red felt patches for left and right responses respectively). For congruent and 

incongruent trials (i.e. green arrows), participants were instructed to press the key corresponding to 

the same direction that the arrow was pointing. Conversely, on reversed trials participants were 

required to press the key opposite to the direction of the arrows, whilst on inhibition trials they were 

required to withhold their responses (i.e. do nothing). The order of trials was randomized within 

each block and participants were given 1200 ms to respond. Visual feedback was provided for 900 

ms at a fixed interval of 700 ms following the participant’s response. Feedback indicated whether 

their response was correct (Good!), incorrect (Oops!), or if they failed to respond to congruent, 

incongruent, or reversed stimuli within the time limit (Too Slow!). Children were encouraged to 

respond quickly and accurately. A practice block of 10 trials was presented to ensure the child 

understood the task prior to six experimental blocks of 50 trials each (300 trials total). Each block 

took approximately three minutes to complete.  

 Behavioral responses that occurred fewer than 100 ms following the presentation of the 

stimuli were excluded, as were responses that exceeded three standard deviations from the 

individual’s mean reaction time. After exclusion of these trials, median reaction time was calculated 

Figure 2.1. The hybrid Flanker-Go/NoGo task stimuli. From left to right: congruent condition, 

incongruent condition, reversed condition, and NoGo condition. The target stimulus is the 

central arrow. 
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for each condition. Median reaction time was  used in the current study because it is considered 

more robust and less susceptible to departures from normality in comparison to mean reaction time 

(Whelan, 2008). Post-error slowing was calculated by assessing the difference in reaction time on 

trials following a correct response in comparison to those following an incorrect response. This was 

calculated on congruent trials only, with more negative values indicating greater post-error slowing.  

Data analysis 

Data screening and analyses were conducted using SPSS Statistics 22.0. All variables were 

inspected for univariate outliers using standardized scores and a criterion of z ≥ ± 3.29, as less than 

0.1% of the population would exhibit these scores (Tabachnick & Fidell, 2007). One variable 

exhibited an outlier, which was replaced with a score three standard deviations from the mean 

(Field, 2013). With the exception of SDSC total score, which was positively skewed, all variables 

were normally distributed based on cut-off values of ±2 for skew and ±4 for kurtosis (Field, 2013). 

On the sleep duration question, 78.4% of parents indicated that their child slept more than eight 

hours each night. Due to limited variability in responses, this item was not used in subsequent 

analyses to assess sleep duration.  

Prior to conducting the primary analyses, two repeated measures ANOVAs were conducted 

to ensure the modified Flanker-Go/NoGo task exhibited the desired experimental effects. 

Greenhouse-Geisser corrected p-values were reported where the assumption of sphericity was 

violated (Jennings, 1987; Maurissen & Vidmar, 2017). To test our hypotheses that greater levels of 

parent-reported sleep problems (i.e., poorer sleep quality) and higher levels of self-reported daytime 

sleepiness would be associated with cognitive control, we conducted a series of bivariate 

correlations using accuracy, reaction time, and post-error slowing on the Flanker-Go/NoGo task and 

total scores from the SDSC and PDSS. Age and gender were added as covariates, as previous 

research has identified that the relationship between sleep and cognition differs between males and 

females (Short, Gradisar, Lack, Wright, & Carskadon, 2012). In additon, both age and gender were 

found to correlate with performance (see Table 2.1 and 2.2). FSIQ and SES were not correlated 
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with performance, and consequently were not added as covariates. Bonferroni adjusted p-values 

were not calculated due to the exploratory nature of the present study, with a p-value of .05 used 

throughout (Perneger, 1998). Due to deviations from normality for the SDSC variable, all 

correlational analyses were conducted using 5000 bootstrapped samples with bias corrected and 

accelerated confidence intervals. Bootstrapping is considered robust to non-normal distribution and 

is appropriate for smaller sample sizes (Field, 2013).  

Table 2.1 

Median Reaction Times and Percentage of Correct Responses in Each Condition on the Hybrid 

Flanker-Go/NoGo Task, in Addition to Mean Scores on the PDSS and SDSC. Values are Listed for 

Final Overall Sample, as well as for Males and Females. 

 Total  Males  Females 

 n M (SD) Range  n M (SD)  n M (SD) 

Percentage Correct         

Congruent 42 91.32 (6.33) 73.13 - 100  20 93.52 (3.65)  22 89.32 (7.57) † 

Incongruent 42 88.56 (8.65) 61.02 - 100  20 89.04 (9.27)  22 88.12 (8.23) 

Reversed 42 82.24 (13.88) 50 - 96.67  20 88.43 (6.76)  22 76.61 (16.29) ‡ 

NoGo 42 90.13 (6.64) 74.19 - 100  20 90.00 (6.48)  22 90.24 (6.92) 

Reaction Time (ms)         

Congruent 42 667 (90.84) 494 - 869  20 620 (82.93)  22 710 (76.24) ‡ 

Incongruent 42 732 (107.17) 555 - 968  20 669 (85.59)  22 788 (93.10) ‡ 

Reversed 42 838 (116.30) 614 - 1127  20 766 (96.73)  22 905 (92.27) ‡ 

PES 42 -56.52 (104.67) -380 - 131  20 -9.92 (80.66)  22 -98.88 (107.51) ‡ 

PDSS Total 39 11.05 (5.63) 2 - 21  20 10.10 (5.59)  19 12.05 (5.65) 

SDSC Total 40 37.89 (10. 07) 26 - 74  19 39.93 (13.44)  21 36.05 (5.26) 

SDSC Item 1 40 1.30 (0.69) 1 - 4  19 1.32 (0.58)  21 1.29 (0.78) 

Note. † p < .05, ‡ < .01 for t-test exploring gender differences. The values in the above table represent the final dataset 

(i.e., following exclusion). PES = post-error slowing; PDSS = paediatric daytime sleepiness scale; SDSC = sleep 

disturbance scale for children; Item 1 = sleep duration item on SDSC (not used in subsequent analyses).  
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Results 

Behavioural data analysis 

 Descriptive statistics for accuracy and reaction time variables for the Flanker-Go/NoGo task 

can be found in Table 2.1. As expected, accuracy, F(2.02, 83.02) = 15.38, p < .001, ηp
2 = .27, and 

reaction time, F(1.52, 62.22) = 172.31, p < .001, ηp
2 = .81, were found to differ across conditions. 

Post hoc contrasts indicated that accuracy was poorer during the incongruent, F(1, 41) = 6.59, p = 

.014, ηp
2 = .14, and reversed conditions, F(1, 41) = 33.74, p < .001, ηp

2 = .45, relative to the 

congruent condition. No difference in accuracy was found between the congruent and NoGo 

conditions, F(1, 41) = 1.49, p = .229, ηp
2 = .04. Relative to the congruent condition, reaction times 

were significantly slower following incongruent, F(1, 41) = 107.96, p < .001, ηp
2 = .73, and 

reversed stimuli, F(1, 41) = 280.19, p < .001, ηp
2 = .87. To determine if participants exhibited post-

error slowing behaviors following an error, a one-sample t-test was performed. Post-error slowing 

values were significantly different from zero, t(41) = 3.50, p = .001, indicating that participants’ 

response speed was slower following an incorrect response in comparison to a correct response. 

Sleep measures 

 Descriptive statistics for the PDSS and SDSC can be found in Table 2.1. No relationship 

was found between self-reported daytime sleepiness and parent-reported sleep quality (SDSC total 

score), r = .04, p = .82. 

Sleep and performance 

Contrary to expectations, PDSS scores were not significantly associated with behavioural 

measures (accuracy and reaction time) of selective attention, response inhibition or performance 

monitoring (see Table 2.3). However, a significant correlation between the PDSS and performance 

on the congruent condition was found, whereby greater daytime sleepiness was associated with 

poorer performance (p = .034). No relationship was found between accuracy, reaction time, and 

sleep quality (SDSC total score).  
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Table 2.2 

Bivariate Correlations Between Age, Socioeconomic Status (Percentile Rank), and Sleep and 

Performance Measures.  

 n Age SES FSIQ 

Accuracy     

Congruent 42 .45‡ -.15 .09 

Incongruent 42 .43† .08 .15 

Reversed 42 .35† -.14 .03 

NoGo 42 .09 .07 .12 

Reaction Time     

Congruent 42 -.60‡ .04 -.19 

Incongruent 42 -.61‡ .17 -.15 

Reversed 42 -.52‡ .12 -.22 

Post-error Slowing 42 .08 -.04 .23 

PDSS Total 39 .21 -.08 -.13 

SDSC Total 40 .24 -.46‡ .36† 

Note. † p < .05, ‡ < .01; PDSS = paediatric daytime sleepiness scale; SDSC = sleep 

disturbance scale for children; FSIQ = full-scale IQ; SES = socioeconomic status. 
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Table 2.3 

Partial Correlations Controlling for Age and Gender Between Performance (Accuracy and Reaction Time), Daytime Sleepiness (PDSS; n = 39) and 

Sleep Problems (SDSC; n = 40). 

 Accuracy  Reaction Time   

 Congruent Incongruent Reversed NoGo  Congruent Incongruent Reversed  PES 

 

PDSS 
 

-.34† 
 

-.17 
 

-.15 
 

-.22  
 

-.09 
 

-.10 
 

-.04  -.04 

SDSC Total < .01 .13 -.19 -.17  .09 -.05 .10  .07 

Note. † p < .05; PDSS = paediatric daytime sleepiness scale; SDSC = sleep disturbance scale for children; PES = post-error slowing. 
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The indirect effect of attention 

 Contrary to our expectations, daytime sleepiness and sleep quality variables were not 

significantly associated with behavioural measures of cognitive control. Daytime sleepiness scores 

did, however, correlate with accuracy on the congruent condition, which serves as a baseline, 

reflecting basic attentional or concentration abilities (Langner & Eickhoff, 2013). As mentioned 

previously, Lim and Dinges (2008) proposed that sleep loss results in problems with attention, 

which, in turn, results in deficits in higher-order cognitive tasks. Given that daytime sleepiness was 

associated with accuracy on the congruent condition, and accuracy on the congruent condition was 

associated with accuracy on the incongruent (r = .61, p < .001), reversed (r = .74, p < .001), and 

NoGo (r = .52, p = .001) conditions, it is possible that there is an indirect effect. To explore the 

possibility of an indirect effect of daytime sleepiness on cognitive control via attention, a post hoc 

exploration using the PROCESS macro for SPSS was conducted (Hayes, 2012). The indirect effect 

is deemed statistically significant if the confidence interval does not contain zero. Each analysis 

used 5,000 bootstrapped samples, with bias corrected and accelerated confidence intervals.  

 In three models (Table 2.4: Models 1, 2 and 3) we explored whether attention had an 

indirect effect on the relationship between daytime sleepiness and cognitive control. Consistent with 

the ‘vigilance hypothesis’, a significant relationship via accuracy on the congruent condition was 

found between self-reported daytime sleepiness and accuracy on the incongruent (path ab = -0.27, 

CI = -0.73 to -0.01), reversed (path ab = -0.49, CI = -1.13 to -.07) and NoGo (path ab = -0.17, CI = 

-0.45 to -0.02) conditions. Children with higher levels of self-reported daytime sleepiness had 

poorer accuracy on the congruent condition, which in turn was associated with poorer performance 

on the incongruent, reversed and NoGo conditions. 
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Table 2.4 

Mediation Models for the Predicted Relationships Between Sleep and Performance on the Flanker-Go/NoGo Task. 

Model Covariates Predictor Mediator DV a b c c’ 

 

1 Age, Gender PDSS 
Accuracy on congruent 

condition 

Accuracy on incongruent 

condition 
B = -0.34† B = .79† B = -0.26ns B < .01ns 

2 Age, Gender PDSS 
Accuracy on congruent 

condition 

Accuracy on reversed 

condition 
B = -0.34† B = 1.46† B = -0.34ns B = .15ns 

3 Age, Gender PDSS 
Accuracy on congruent 

condition 

Accuracy on NoGo 

condition 
B = -0.34† B = .51† B = -0.27ns B = -.10ns 

Note. PDSS = paediatric daytime sleepiness scale;; †p < .05, ‡ < .01; ns = non-significant; DV = dependent variable; a = path between the predictor variable and mediator; 

b = path between the mediator and the dependent variable; c = the total effect, path between the predictor variable and the dependent variable; ab = the indirect path 

between the predictor variable the dependent variable via the mediator; c’ = the direct effect, path between the predictor variable and the dependent variable, controlling for 

the mediator. 

c’ 

Congruent Accuracy

(Mediator)

DVPredictor

Age, Gender 
(Covariates)

c 

C

a b 



 

Discussion 

The aim of the present study was to explore the relationship between sleep and cognitive 

control. Contrary to our expectations, we did not find a direct relationship between daytime 

sleepiness or night-time sleep quality and performance (reaction time or accuracy) on measures of 

selective attention/interference suppression, inhibition, or performance monitoring. However, a 

significant indirect relationship, via accuracy on the congruent condition, was found. This suggests 

that children with higher levels of self-reported daytime sleepiness have poorer basic 

attention/concentration, which in turn is associated with poorer cognitive control.  

Previous literature exploring the relationship between sleep and cognitive control, and 

executive functioning more broadly, has often been inconsistent. Previous studies have reported that 

reduced sleep duration, poor sleep quality, and increased levels of daytime sleepiness are associated 

with poorer performance on measures of executive functioning (Anderson et al., 2009; Astill et al., 

2012; Sadeh et al., 2002), whilst other studies have found no relationship (Calhoun et al., 2012; 

Fallone et al., 2001). The results of this study are consistent with those who found no relationship, 

suggesting that problematic sleep and increased levels of daytime sleepiness are not associated 

directly with cognitive control difficulties. However, unlike previous studies, which have not 

explored whether there is an indirect relationship, the results of this study indicate that daytime 

sleepiness is associated with poorer cognitive control via attention. 

In previous studies exploring the relationship between sleep and attention in children, poor 

sleep has often been associated with greater parent- and teacher-reported symptoms of inattention 

(Fallone et al., 2001; Fallone, Acebo, Seifer, & Carskadon, 2005; Paavonen et al., 2009), as well as 

increased difficulties on formal attention measures (Blunden et al., 2005; Lowe et al., 2017; Sadeh 

et al., 2002). As mentioned previously, two main theories have been proposed to describe how sleep 

adversely affects attention and executive functioning: the frontal lobe hypothesis and the vigilance 

hypothesis. The frontal lobe hypothesis posits that poor sleep negatively impacts on the efficiency 

of the frontal lobe by producing changes in cerebral metabolism, which results in cognitive 
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difficulties (Harrison & Horne, 2000). The vigilance hypothesis, on the other hand, suggests that 

poor sleep primarily results in problems with attention and vigilance, which then lead to difficulties 

with high-order cognition (e.g., executive functions/cognitive control; Lim & Dinges, 2008). The 

results of the current study provide support for the vigilance hypothesis, by demonstrating that 

increased levels of daytime sleepiness are associated with poorer performance on measures of 

attention, which, in turn, are associated with poorer performance on a measure of cognitive control. 

It is possible that the inconsistencies in the paediatric sleep literature regarding the effect of sleep on 

executive functioning may be due to primary attention problems that result in executive functioning 

difficulties, rather than a primary executive functioning problem.  

Whilst the results of this study provide support for the indirect relationship between sleep 

and cognitive control via attention, these results need to be interpreted with caution. By using the 

baseline (congruent) condition of the hybrid Flanker-Go/NoGo task as a mediator one potential 

interpretation of these findings is that the indirect association observed in our study could have been 

inflated due to shared method variance. However, this interpretation is unlikely because the indirect 

(ab) pathway explained additional variance in the outcome variable that was not explained by the 

effect of the mediator (attention) on the dependent measures (cognitive control, i.e., the b path). 

Nonetheless, future research should use stand alone measures of attention to further assess the 

relationship between sleep, attention, and cognitive control.  

It is also important to note that whilst some studies have found a relationship between sleep 

and attention in children, others have reported no relationship (Astill et al., 2012; Fallone et al., 

2001; Geiger, Achermann, & Jenni, 2010). It is plausible that these inconsistencies may reflect 

differences in sleep measures, with previous research highlighting the independent effects that sleep 

duration, sleep quality, and daytime sleepiness have on cognition (Bub et al., 2011; Dewald et al., 

2010). Furthermore, there is emerging research that suggests that there may be individual 

differences in sleep need and resilience to sleep loss, which may account for the inconsistencies in 

the literature (Goel, 2017b; Van Dongen, Baynard, Maislin, & Dinges, 2004). Therefore, if 
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tolerance to sleep loss may vary between individuals, self-reported sleepiness may be a better 

indicator of the effects of inadequate sleep on cognition.  

An alternative explanation for the differences in findings may be due to how sleep is 

assessed. In the present study, we used parent-reported sleep problems to assess sleep quality and 

sleep duration. Whilst the SDSC is a valuable tool for screening paediatric sleep disorders, it failed 

to effectively assess subtle variations in sleep duration and sleep quality in the healthy child sample 

used in the current study. Due to low variability in sleep duration scores we were unable to address 

aspects of our hypotheses. As mentioned previously, the SDSC assesses sleep duration by asking 

parents to rate on a 5-point Likert scale how long their child sleeps each night. As a result, multiple 

response options (e.g., 9, 10, and 11 hours) are placed in one category, meaning that parents are 

unable to specify the actual number of hours slept each night. This may account for the low 

variability in responses seen in the current study. Categorizing sleep duration in this way may not 

be developmentally appropriate. Sleep duration needs reportedly change across development 

(Hirshkowitz et al., 2015), therefore, the difference between 9 and 11 hours sleep may be clinically 

significant for a younger child. Future research would therefore benefit from asking parents to 

report the average number of hours of sleep each night, rather than using the broad categories in the 

SDSC.  

Another limitation of the SDSC is that it is parent-report. Previous research has suggested 

that parental knowledge about sleep problems in children is poor (McDowall, Galland, Campbell, & 

Elder, 2017), as parents may not be directly observing their child’s sleep. In the current study, there 

was some evidence of this as scores on the SDSC (parent-report) were not correlated with the PDSS 

(self-report), suggesting that parents may have limited awareness of their child’s level of daytime 

sleepiness. The PDSS is also not without limitations. Previous research has identified that alertness 

and fatigue levels fluctuate during the day, and that performance can differ as a result of these 

changes (for review see Goel, Basner, Rao, & Dinges, 2013). Whilst the PDSS provides an estimate 

on chronic daytime sleepiness, it fails to capture these fluctuations, which may have influenced the 
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findings. Given these potential difficulties with parent- and self-report measures of sleep duration, 

quality and daytime sleepiness, future research may benefit from using objective measures to assess 

sleep, such as actigraphy or polysomnography, which are more reliable at estimating sleep patterns 

in children (Dayyat, Spruyt, Molfese, & Gozal, 2011; Meltzer, Montgomery-Downs, Insana, & 

Walsh, 2012). 

In conclusion, the results of the present study indicate that increased levels of self-reported 

daytime sleepiness are associated with poorer performance on a measure of attention, which in turn 

is associated with poorer performance on measures of cognitive control. These findings highlight 

the need to treat sleep quality, sleep duration, and sleepiness as separate variables and also provide 

support for the vigilance hypothesis, which posits that poor sleep, or in this instance daytime 

sleepiness, results in difficulties with attention and vigilance, which leads to difficulties with 

executive functioning. In order to identify the exact nature of this relationship, future studies will 

benefit from using objective sleep measures as well as a range of attention and executive 

functioning measures.  
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CHAPTER 3 

The Relationship Between Naturalistic Sleep Variation and Error 

Monitoring in Young Adults: An Event-Related Potential (ERP) Study
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Abstract 

Sleep deprivation studies have highlighted the importance of adequate sleep for optimal daytime 

functioning. However, there is limited research exploring whether variations in natural sleep 

patterns produce similar difficulties to those seen in sleep deprivation studies. The aim of the 

current study was to explore whether naturalistic reductions in sleep duration and/or sleep quality 

were associated with behavioural and electrophysiological measures of cognitive control. Sixty 

undergraduate students were asked to wear an actigraph for 7 consecutive nights before completing 

a hybrid Flanker-Go/NoGo task whilst continuous EEG data were recorded. Participants were 

assigned to high or low sleep quality and short or long sleep duration groups using the National 

Sleep Foundation guidelines. Results indicated that individuals who, on average, slept less than 7 

hours each night showed inefficiencies in error-monitoring, as reflected by a reduction in amplitude 

of the error-related negativity (ERN) in comparison to those with longer sleep duration. These 

findings suggest that natural variations in sleep quantity are associated with atypical error detection. 
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Introduction 

In Australia, approximately 25 - 41% of young adults experience inadequate sleep, either 

through insufficient sleep duration or poor sleep quality (Adams et al., 2016). In adults, a plethora 

of literature has described the adverse effects of inadequate sleep on different aspects of cognition 

(for review see Lim & Dinges, 2010; Olaithe, Bucks, Hillman, & Eastwood, 2018; Waters & Bucks, 

2011). Executive functioning skills have been proposed to be the most sensitive to sleep loss due to 

changes in cerebral metabolism that cause reduced functioning within areas of the brain that 

mediate these skills, such as the prefrontal cortex (PFC; Harrison & Horne, 2000). To date, most of 

the research exploring the relationship between sleep and executive functioning has used 

experimental techniques (e.g., total sleep deprivation) and consequently is not generalizable to 

naturalistic sleep disturbance. Additional research is required to further understand whether natural 

variations in sleep quality and duration are related to similar neurocognitive changes. 

 One aspect of executive functioning that has often been explored in the experimental sleep 

literature is cognitive control. Cognitive control refers to the ability to monitor performance, 

selectively attend to information, and inhibit an automatic response (Ridderinkhof et al., 2004). 

Following one night of total sleep deprivation, individuals often perform poorer on measures of 

cognitive control than at baseline, with studies reporting increased impulsivity, poorer response 

inhibition, and performance monitoring difficulties (e.g., Renn & Cote, 2013; Tsai, Young, Hsieh, 

& Lee, 2005). Event-related potentials (ERPs) have often been used to assess the impact that sleep 

loss has on underlying brain functioning during cognitive control tasks, with previous studies 

highlighting reductions in amplitude and/or delays in latencies in the N2, P3, error-related 

negativity (ERN), and error positivity (Pe) during tasks requiring cognitive control. 

The N2 is a fronto-central negativity that occurs 200 - 300 ms following the presentation of 

a stimulus, proposed to reflect response conflict (e.g., during a Flanker task) and/or early response 

inhibition (e.g., during a Go/NoGo task; Rietdijk et al., 2014). In the sleep literature, a reduction in 

NoGo N2 amplitude has been reported following one night of total sleep deprivation (Renn & Cote, 
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2013) and three nights of experimentally induced sleep fragmentation (Schapkin et al., 2006a, 

2006b). Similarly, Breimhorst, Falkenstein, Marks, and Griefahn (2008), who assessed naturalistic 

sleep disturbance using polysomnography and inhibition on a NoGo task, reported that poor 

sleepers had reduced N2 amplitudes in comparison to good sleepers. Conversely, studies using the 

Flanker task have reported no difference in N2 amplitude following one night of total sleep 

deprivation (Renn & Cote, 2013) or induced sleep fragmentation (Ko et al., 2015). Taken together, 

these studies indicate that sleep deprivation and poor sleep quality (both naturalistic and 

experimentally-induced) are associated with smaller N2 amplitudes during the Go/NoGo task, but 

not during the Flanker task. This suggests that inadequate sleep duration and poor sleep quality may 

associated with different cognitive domains, whereby inadequate sleep is associated with 

impairments in early inhibition (i.e., NoGo N2) but not conflict monitoring (i.e., Flanker N2).  

The NoGo P3 is a fronto-central positivity that peaks 300 - 500 ms following the 

presentation of a NoGo stimulus (Groom & Cragg, 2015). The Go P3, on the other hand, is 

parietally distributed and typically elicited by task-relevant stimuli (Stige et al., 2007). Schapkin et 

al. (2006b) reported that individuals who had been exposed to nocturnal traffic noise exhibited a 

reduced amplitude and delayed latency of the NoGo P3 in comparison to baseline; no differences 

were noted in Go P3. They proposed that this reflected selective impairment in motor inhibition. 

Similarly, Breimhorst et al. (2008) reported that poor sleepers had delayed NoGo P3 latencies in 

comparison to good sleepers. Conversely, Renn and Cote (2013) reported a smaller amplitude and 

delayed latency of the Go P3 following one night of total sleep deprivation. These findings suggest 

that the processes reflected in the Go P3 may be more vulnerable to sleep deprivation, whilst the 

processes reflected in the NoGo P3 may be more vulnerable to poor sleep quality. 

The ERN is a fronto-central negativity that occurs 50 - 100 ms after an incorrect response 

and has been proposed to reflect error monitoring (Michael Falkenstein et al., 2000; Gehring et al., 

1993; Olvet & Hajcak, 2008). Following one night of total sleep deprivation, Hsieh, Cheng, and 

Tsai (2007), Renn and Cote (2013) and Tsai et al. (2005) reported a reduced ERN amplitude as well 
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as slower reaction times and poorer accuracy relative to the control group. In comparison, Ko et al. 

(2015) found that sleep fragmentation was not associated with reductions in ERN amplitude after 

exposing participants to nocturnal traffic noise, suggesting that sleep deprivation, but not sleep 

fragmentation, is associated with impairments in error detection. 

The Pe, a parietal positivity that follows the ERN and peaks 200 - 500 ms after an incorrect 

response, is proposed to represent the evaluation of an error (Michael Falkenstein et al., 2000). 

Reduction in Pe amplitude has been reported following total sleep deprivation (Tsai et al., 2005), 

sleep fragmentation (Ko et al., 2015), 20 hours of extended wakefulness (Murphy et al., 2006), and 

during sleep inertia (Asaoka et al., 2010). Conversely, Renn and Cote (2013) and Hsieh et al. (2007) 

found no difference in Pe amplitude following one night of total sleep deprivation. It is possible that 

inconsistencies in findings may reflect individual differences in error awareness, or alternatively, 

the salience of the error-inducing stimulus (Overbeek et al., 2005).  

Aims of the study 

Interpreted collectively, these studies highlight the relationship between sleep and cognitive 

control. In particular, they suggest that total sleep deprivation is associated with impairments in 

error detection and evaluation, motor inhibition, and stimulus processing, whilst greater sleep 

fragmentation is associated with poorer inhibition and error evaluation. Although these studies 

highlight the importance of adequate sleep for optimal cognitive control, most of published research 

to date has used various experimental techniques (e.g., sleep deprivation or induced sleep 

fragmentation) to manipulate sleep, which does not reflect typical sleeping patterns seen in the 

general population. Whilst Breimhorst and colleagues (2008) did not manipulate sleeping patterns, 

they assessed sleep using PSG and gave participants fixed bedtimes and waketimes. Previous 

research has highlighted that PSG does not accurately capture an individual’s typical sleep 

characteristics, with the first one to two nights of a PSG recording often marked by changes in total 

sleep time, sleep stage proportion, and delayed sleep latency (Le Bon et al., 2001; Lorenzo & 

Barbanoj, 2002). This, in combination with the small sample size reported by Breimhorst and 
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colleagues (2008) suggests that these findings are difficult to generalise as, similar to the 

experimental studies, they do not reflect typical sleeping patterns in young, healthy adults. The aim 

of the current study was to explore whether natural variations in sleep patterns were associated with 

behavioural and electrophysiological measures elicited during a hybrid Flanker-Go/NoGo task that 

allows the assessment of each of these constructs. 

Method 

Ethical approval 

 This study was approved by the Human Research Ethics Committee of The University of 

Western Australia (UWA). All participants provided written, informed consent prior to the 

commencement of the study. 

Participants 

Data were collected from 60 young adults (17 male) aged between 18 and 36 years (M = 

22.78, SD = 3.10). Participants were undergraduate psychology students from UWA and volunteers 

from the local community. The two-subtest version of the Wechsler Abbreviated Scale of 

Intelligence second edition (WASI-II; Wechsler, 2011) was used to estimate IQ, indicating an 

average IQ of 108.07 (SD = 10.44) in this sample. 

Sleep measures 

 Actigraphy. Participants were asked to wear actigraphy wActiSleep+ devices on their non-

dominant wrists for 7 consecutive days/nights. Participants who were unable to wear their actigraph 

during the day (e.g., due to work commitments) were asked to wear it for a minimum of 5 minutes 

prior to bedtime. Participants were also asked to complete the Consensus Sleep Diary-M (Carney et 

al., 2012) to report bedtimes and wake times, actigraph removal times, and any events that may 

have affected sleep quality (e.g., illness). All data were scored in ActiLife version 6, using the 

Sadeh Algorithm (Sadeh, Sharkey, & Carskadon, 1994). The data analysis window was edited to 

match the bed and wake times reported in the sleep diary. Where the sleep diary was missing or 

where there was a significant discrepancy (greater than 60 minutes) between self-reported bed/wake 
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times and actigraphy activity, bed and wake times were based on visual inspection of the raw data 

(8.62% of nights). In addition, nights of reported actigraphy removal and nights that did not have a 

minimum of 5 minutes of wear time prior to bedtime were excluded, as the Sadeh Algorithm 

requires a 5 minutes of wear time either side of the epoch it is analysing in order to accurately 

evaluation sleep/wake patterns (Actigraph, 2018). Two participants were excluded pairwise during 

the analysis due to actigraphy technical difficulties and an additional four were excluded due to 

non-wear time over all 7 nights. For the remaining 54 participants, the average number of valid 

nights was 6.57 (range = 4 - 7; 5.34% of nights excluded due to non-wear time). Of these, 12.44% 

of the total number of nights and 6.48% of the visually scored nights were double scored, with 

98.68% agreement between scorers.  

Using the average number of valid nights, the following sleep variables were extracted: total 

sleep time (TST), sleep efficiency (SE), number of awakenings, and wake after sleep onset 

(WASO). As can be seen in Table 3.1, WASO and sleep efficiency were highly correlated. This is 

not surprising as they are calculated in such a way that one is algebraically the obverse of the other. 

Therefore, due to high levels of shared variance, WASO was not used for future analyses and the 

sleep efficiency and number of awakenings variables were used as measures of sleep quality, whilst 

TST was used as an index of sleep duration. Using the National Sleep Foundation recommendations 

(Hirshkowitz et al., 2015; Ohayon et al., 2017), participants were divided into groups for sleep 

duration (high sleep duration: 7 – 9 hours; low sleep duration < 7 hours1), and sleep efficiency (high 

sleep efficiency: ≥ 85%, low: < 85). No recommendations were made for total number of 

awakenings; therefore, a median split2 was used to group participants into high and low groups (see 

Table 3.2 for actigraphy descriptive statistics). 

                                                           
1 The National Sleep Foundation guidelines also stipulate that more than 9 hours of sleep may be inappropriate for 

young adults. In the current study, no participants were observed to sleep longer than 9 hours, therefore, it was not 

possible to explore the effects of too much sleep on cognitive control.  
2 Extreme high and low groups were also used by comparing the top and bottom quartiles and tertiles. The same pattern 

of results was obtained in these additional analyses.  
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Table 3.1 

Correlations Between Extracted Actigraphy Variables 

 

 

 

 

Table 3.2 

Descriptive Statistics from Extracted Actigraphy Variables (Total Sleep Time, Sleep Efficiency, 

Number of Awakenings, WASO). Values are Shown for the Total Sample, as well as Low and High 

Sleep Duration/Quality Groups. 

 n Mean Median SD Range 

Total Sleep Time (mins) 54 400.84 400.29 41.24 310.67 – 486.86 

Low group 38 380.94 386.51 29.31 310.67 – 417.43 

High group  16 448.11 440.72 22.45 422.57 – 486.86 

Sleep efficiency (%) 54 84.85 85.09 5.36 69.54 – 93.14 

Low group  26 80.51 82.18 4.20 69.54 – 84.89 

High group  28 88.89 88.62 2.26 85.06 – 93.14 

Number of awakenings  54 21.83 22.07 5.41 9.71 – 38.83 

Low group  27 17.53 17.57 3.00 9.71 – 22.00 

High group  27 26.13 25.29 3.49 22.14 – 38.83 

WASO (mins) 54 63.73 60.50 24.38 21.71 – 136.80 

Note. WASO = wake after sleep onset. High and low groups are not reported for WASO as this variable was 

not used for future analyses.  

 

 
TST SE WASO 

SE .48‡   

WASO -.29† -.95‡  

Awakenings -.02 -.72‡ .84‡ 

Note. † p < .05, ‡ < .001; TST = total sleep time; SE = sleep efficiency; WASO = 

wake after sleep onset; Awakenings = average number of awakenings 

 



83 

Flanker-Go/NoGo Task 

A computerised, hybrid Flanker-Go/NoGo task was used in the current study to measure 

cognitive control. During the task, participants were presented with an array of three arrows 

presented on a black background (see Figure 3.1). Each arrow was separated by .07° and was 

subtended .62° horizontally and .62° vertically. The task consisted of four conditions: a congruent 

(40% of trials), baseline condition, where all the arrows were green and faced the same direction; an 

incongruent condition (20% of trials; measure of selective attention), where the arrows were green 

but the target (central) arrow faced the opposite direction to the flankers; a reversed condition (20% 

of trials; measure of switching/inhibition) where all the arrows were blue and participants were 

asked to press the key opposite to the direction of the arrow; and a NoGo condition (20% of trials; 

measure of response inhibition), which asked participants to withhold their response when 

presented with a series of red arrows. For 23 (38.33%) participants, the stimulus colours of the 

NoGo and reversed conditions were reversed (blue arrows presented for the NoGo condition). 

Prior to the presentation of each stimulus, a fixation cross was presented for 500 ms. The 

stimulus was then presented for 200 ms and participants were required to indicate the direction of 

the target (central) arrow by pressing one of two keys on the keyboard (the ‘z’ and ‘/’ keys, which 

were covered by red felt patches for left and right responses respectively). The order of trials was 

randomized within each block and participants were given 1000 ms to respond. Visual feedback 

was provided for 900 ms at a fixed interval of 700 ms following the participant’s response. 

Feedback indicated whether their response was correct (Good!), incorrect (Oops!) or if they failed 

Figure 3.1. The hybrid Flanker-Go/NoGo task stimuli. From left to right: congruent condition, 

incongruent condition, reversed condition, and NoGo condition. The target stimulus is the 

central arrow. 
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to respond (Too Slow!). Participants were encouraged to respond quickly and accurately. A practice 

block of 10 trials were presented prior to six experimental blocks of 50 trials each (300 trials total).  

Behavioural responses that occurred fewer than 100 ms following the presentation of the 

stimuli were excluded, as were responses that exceeded three standard deviations from the 

individual’s mean reaction time. After exclusion of these trials, median reaction time was calculated 

for each condition. Post-error slowing was calculated by assessing the difference in reaction time on 

trials following a correct response in comparison to those following an incorrect response. This was 

calculated on congruent trials only, with more negative values indicating greater post-error slowing. 

One participant was excluded from post-error slowing analyses as they did not have any congruent 

trials that followed an incorrect response. Descriptive statistics for all behavioural variables are 

reported in Table 3.3. 

Procedure 

 Participants were asked to wear an actigraph on their non-dominant wrist and complete a 

sleep diary each morning, over seven consecutive nights. Following the last night of actigraphy, 

participants attended a testing session at UWA where they completed a series of questionnaires, the 

WASI-II, and the hybrid Flanker/NoGo task whilst the EEG was recorded. 

Electrophysiological data acquisition  

 Electrophysiological activity was recorded continuously during the Flanker-Go/NoGo task 

using an EasyCap™ (EASYCAP GmbH, Herrsching Germany) with Ag/Ag-Cl electrodes. 

Electrodes were placed at 33 sites with a ground electrode attached to AFz, and bipolar leads placed 

above and below the left eye to record the electro-oculogram (EOG). The right mastoid was used as 

an online reference. The EEG was amplified using a NuAmps 40-channel amplifier with a sampling 

rate of 250 Hz and filtered online using a 0.05 - 30 Hz band-pass filter and 50 Hz notch filter. 

Offline ERP processing was conducted using Scan 4 4.5 software. The EEG data were re-referenced 

to an averaged mastoid and filtered offline using a 0.5 - 30 Hz zero phase shift band-pass filter (12 

dB roll off). The ocular artefact reduction algorithm in Scan 4.5 was used to reduce blink artefact.
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Table 3.3 

Mean Reaction Times and Accuracy During the Flanker-Go/NoGo Task for the Total Sample, as well as Low and High Sleep Duration/Quality Groups. 

 

 
Short TST 

(n = 38) 
 

Long TST 

(n = 16) 
 

Low SE 

 (n = 26) 
 

High SE  

(n = 28) 
 

Low 

awakenings  

(n = 27) 

 

High 

awakenings  

(n = 27) 

 
Total  

(n = 60) 

 
M SD  M SD  M SD  M SD  M SD  M SD  M SD 

Accuracy 
 

               

Congruent 
 

95.22 3.47  95.63 3.15  95.87 3.33  94.85 3.36  95.46 3.27  95.22 3.49  95.17 3.53 

Incongruent 
 

90.18 6.28  90.52 6.74  90.77 6.02  89.82 6.73  90.31 6.72  90.25 6.11  90.01 6.85 

Reversed 
 

84.12 11.12  86.67 10.97  84.17 12.61  85.54 9.54  86.36 8.49  83.40 13.10  84.11 10.98 

NoGo 
 

96.05 4.53  94.58 5.85  96.99 3.83  94.35 5.56  94.51 5.90  96.73 3.53  94.98 5.83 

Reaction Time                    

Congruent 
 

424 56.08  403 46.84  415 44.67  421 62.11  424 61.31  412 45.98  415 54.37 

Incongruent 
 

478 50.76  468 41.46  468 42.05  481 52.85  483 53.78  467 41.02  473 49.23 

Reversed 
 

561 68.49  550 63.35  555 62.51  560 71.28  562 71.10  554 62.92  557 66.21 

PES 
 

-46.01 54.09  -39.53 41.12  -38.86 49.20  -48.92 51.97  -43.02 52.50  -45.28 49.38  -43.66 49.47 

Note. TST = total sleep time; SE = sleep efficiency; awakenings = average number of awakenings; accuracy is measured as the percentage of items correct during the Flanker-

Go/NoGo task; Reaction time is reported in ms; PES = post-error slowing. One participant was excluded from post-error slowing analyses, resulting in sample sizes of n = 15 for high 

TST group, n = 25 for low sleep efficiency group, n = 26 for the low number of awakenings group, and n = 59 for total. 
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Three participants were excluded from all ERP analyses due to technical difficulties. 

Stimulus-locked event-related potentials. Stimulus-locked epochs were extracted at Fz, FCz, 

Cz, and Pz using an interval from 100 ms prior to 1000 ms following the presentation of the 

stimulus. Epochs were baseline corrected relative to the pre-stimulus interval and all epochs where 

voltages exceeded 150 µV were automatically excluded from processing. Site was selected based 

on where each component was maximal as per Renn and Cote (2013). For N2, amplitude was 

maximal at Fz for all conditions, whilst P3 amplitude was maximal at Pz for congruent trials and Cz 

for incongruent, reversed, and NoGo trials (see Figure 3.2 for scalp maps3). N2 and P3 peak 

latencies/amplitudes were quantified as the time-point at which amplitude was maximal between an 

interval of 200-400 ms and 300-700 ms respectively. Individual waveforms were inspected and 

adjusted manually for participants who had latencies earlier or later than these windows. Individual 

mean amplitudes were then calculated for each condition using a 56 ms window centred around the 

individual peak (Luck, 2014). Descriptive statistics for each component are reported in Table 3.4 

and grand-averaged waveforms for each condition and site are shown in Figure 3.3. 

                                                           
3 N2 scalp maps are not included as N2 amplitudes were small, positive numbers, which made visual representation of 

the topographic distribution unclear. Site was therefore based inspection of means for each site.  

Figure 3.2. The topographic distribution of the peak amplitude of the grand-averaged P3 for 

congruent, incongruent, reversed, and NoGo trials. 
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Figure 3.3. Stimulus-locked grand-averaged waveforms elicited following each condition during 

the Flanker-Go/NoGo task. Amplitude (in μV) is represented on the y-xis, with negative voltages 

plotted as upward deflections. Time (in ms) is represented on the x-axis, with time zero 

corresponding to the presentation of the stimuli. 

N2 

P3 

P3 



88 

Response-locked event-related potentials. Response-locked epochs were extracted at Fz, FCz, Cz 

and Pz using an interval from 600 ms prior to 1000 ms post response and epochs were baseline 

corrected relative to the -400 to -200 ms pre-response interval (Olvet & Hajcak, 2009). ERN and Pe 

amplitudes were calculated using the difference waveform (incorrect minus correct). Following 

artefact rejection, 3 participants were found to have insufficient errors (< 6; Olvet & Hajcak, 2009) 

and were excluded pairwise from all ERN and Pe analyses4. Site for all subsequent analyses was 

selected based on where each component was maximal as per Renn and Cote (2013). For Pe, 

amplitude was maximal at Pz, whilst ERN amplitude was maximal at FCz and Cz (scalp maps in 

Figure 3.4). The ERN was measured at Cz for all subsequent analyses5. Peak latencies for the ERN 

and Pe were identified as the time-point at which amplitude was maximal for each individual 

between -50 to 200 ms and 200 to 500 ms respectively. Mean amplitude was then calculated for 

each individual using a 56 ms window centred around the peak latency (Luck, 2014). Descriptive 

statistics for each component are reported in Table 3.4 and grand-averaged waveforms for response-

locked components at each site are shown in Figure 3.5. 

                                                           
4 Following artefact rejection, a series of t-tests was conducted to ensure sleep groups did not differ on the number of 

trials used to compute response-locked components, with no statistically significant differences observed (p > .05).  
5 Analyses were replicated using FCz, with the same pattern of results observed.  

Figure 3.4. The topographic distribution of the peak amplitude of the grand-averaged ERN (left) 

and Pe (right). 
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Figure 3.5. Response-locked grand-averaged, waveforms elicited on correct and incorrect trials 

at Fz, FCz, Cz, and Pz. The difference waveform (correct minus incorrect) is also shown. 

Amplitude (in μV) is represented on the y-xis, with negative voltages plotted as upward 

deflections. Time (in ms) is represented on the x-axis, with time zero corresponding to the 

participants response.  
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Table 3.4 

Descriptive Statistics for Stimulus-Locked and Response-Locked Components Extracted During the Cognitive Control Task. Values are Listed for the Total 

Sample, as well as Low and High Sleep Duration/Quality Groups. 

 

 Short TST  Long TST  Low SE  High SE  
Low 

awakenings 
 

High 

awakenings 
 Total 

 M SD  M SD  M SD  M SD  M SD  M SD  M SD 

Stimulus-locked ERPs (n = 37)  (n = 14)  (n = 25)  (n = 26)  (n = 26)  (n = 25)  Total (n = 57) 

N2 amplitude                      

Congruent  1.83 3.39  1.70 3.09  1.21 3.17  2.36 3.34  2.33 3.29  1.25 3.23  1.81 3.16 

Incongruent  1.16 3.82  0.88 3.62  -0.05 3.50  2.17 3.68  1.81 3.61  0.32 3.77  1.07 3.64 

Reversed  0.66 3.84  0.14 4.10  -0.05 3.55  1.06 4.17  0.90 4.14  0.12 3.63  0.31 4.08 

NoGo  0.31 3.44  0.94 4.10  -0.18 3.49  1.12 3.65  0.92 3.55  0.03 3.67  0.26 3.66 

N2 latency                      

Congruent  297.30 51.57  310.00 42.82  290.08 46.81  311.08 50.21  304.00 48.54  297.44 50.73  299.72 53.35 

Incongruent  312.65 50.92  338.29 45.84  320.48 49.44  318.92 52.39  314.15 52.95  325.44 48.14  319.44 48.39 

Reversed  316.00 59.93  335.14 66.70  311.52 59.99  330.62 63.19  327.54 60.47  314.72 63.69  323.02 61.47 

NoGo  306.52 39.38  308.86 37.03  304.16 38.84  309.85 38.52  309.38 43.08  304.64 33.56  308.35 42.47 

P3 amplitude                      

Congruent (Pz)  9.68 4.03  11.03 3.45  10.22 3.46  9.89 4.34  9.75 4.27  10.36 3.52  10.07 3.85 
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Incongruent (Cz)  10.03 3.76  10.23 3.74  9.64 3.15  10.50 4.22  10.41 3.59  9.74 3.89  10.18 3.74 

Reversed (Cz)  9.74 4.29  10.53 4.07  10.43 4.04  9.50 4.38  9.51 4.10  10.42 4.34  10.02 4.10 

NoGo (Cz)  10.69 3.96  13.42 4.89  11.35 4.73  11.52 4.07  11.46 4.18  11.41 4.62  11.52 4.20 

P3 latency                      

Congruent (Pz)  393.62 77.59  375.71 4.03  397.92 89.34  379.85 65.08  391.38 71.37  385.92 85.11  389.26 81.34 

Incongruent (Cz)  473.73 91.55  439.71 84.36  485.44 105.61  444.15 68.29  450.92 69.40  478.40 107.24  466.25 90.04 

Reversed (Cz)  507.78 116.42  488.00 123.90  518.56 112.71  486.77 122.27  498.31 122.78  506.56 114.33  504.77 116.59 

NoGo (Cz)  464.22 76.12  453.71 81.16  464.48 84.33  458.31 84.33  461.23 68.18  461.44 86.39  457.68 75.29 

Response-locked ERPs (n = 35)  (n = 16)  (n = 23)  (n = 25)  (n = 24)  (n = 24)  Total (n = 54) 

ERN  -9.20 4.71  -12.78 7.14  -10.25 5.42  -10.09 5.92  -10.38 5.88  -9.96 5.48  -10.27 5.48 

Pe  7.59 5.56  9.07 2.73  8.39 6.07  7.61 3.78  7.45 4.43  8.52 5.50  8.04 4.78 

Note. TST = total sleep time; SE = sleep efficiency; awakenings = average number of awakenings; ERN = error-related negativity; Pe = error positivity; Amplitudes (μV) were measured using 

a 56 ms window around the individuals’ peak latency. Amplitudes are reported using the site at which amplitudes were maximal for each component. ERN = error-related negativity; Pe = 

error positivity. 

 

 

 



 

Data analysis 

Data screening and analyses were conducted using SPSS Statistics 22.0. All variables were 

inspected for univariate outliers using standardised scores and a criterion of z ≥ ± 3.29 (Tabachnick 

& Fidell, 2007). Any variables that exhibited outliers were replaced with a value three standard 

deviations from the mean (Field, 2013). All variables were normally distributed based on cut-off 

values of ±2 for skew and ±4 for kurtosis (Field, 2013). 

Repeated measures ANOVAs were initially conducted to ensure that the modified Flanker-

Go/NoGo task exhibited the desired experimental effects. When the assumption of sphericity was 

violated, Greenhouse-Geisser correction to the degrees of freedom was applied (Jennings, 1987; 

Maurissen & Vidmar, 2017). To test the main hypotheses in relation to sleep duration and sleep 

quality a series of between-within subjects’ ANOVAs were performed. Sleep groups did not differ 

significantly based on age, gender, or IQ, consequently these variables were not added as 

covariates1. An alpha-level of .05 was used for each analysis due to the exploratory nature of the 

current study (Perneger, 1998).  

Results 

Behavioural data analysis 

 As expected, accuracy, F(2.07, 122.00) = 40.34, p < .001, ηp
2 = .41, and reaction time, 

F(1.38, 81.11) = 491.00, p < .001, ηp
2 = .89, differed across conditions. Post hoc contrasts indicated 

that relative to the congruent condition accuracy was poorer during the incongruent, F(2, 59) = 

38.73, p < .001, ηp
2 = .40, and reversed conditions, F(2, 59) = 68.45, p < .001, ηp

2 = .54. No 

difference was found between accuracy in the congruent and the NoGo conditions, F(2, 59) < 1, p = 

.807, ηp
2 < .01. Relative to congruent stimuli, reaction times were significantly longer following the 

presentation of incongruent, F(1, 59) = 468.43, p < .001, ηp
2 = .89, and reversed stimuli, F(1, 59) = 

673.52, p < .001, ηp
2 = .92. To determine if participants exhibited post-error slowing behaviours 

following an error, a one-sample t-test was performed. As expected, participants’ response speed 

                                                           
1 Analyses were repeated with all three covariates added, with the same pattern of results observed.  
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was slower following an incorrect trial in comparison to a correct trial, with post-error slowing 

values being significantly different from zero, t(58) = 6.78, p < .001.  

Stimulus-locked ERP analysis 

As expected, a main effect of condition was observed for N2 amplitude at Fz, F(2.61, 

146.23) = 9.77, p < .001, ηp
2 = .15, with larger amplitudes observed for incongruent, F(1, 56) = 

8.72, p = .005, ηp
2 = .14, reversed, F(1, 56) = 19.45, p < .001, ηp

2 = .26, and NoGo trials, F(1, 56) = 

29.05, p < .001, ηp
2 = .34, relative to congruent trials. A main effect of condition was also observed 

for N2 latency, F(3, 168) = 3.40, p = .019, ηp
2 = .06. Post hoc comparisons indicated that N2 latency 

was delayed for incongruent trials, F(1, 56) = 5.49, p = .023, ηp
2 = .09, and reversed trials, F(1, 56) 

= 6.99, p = .011, ηp
2 = .11, relative to congruent trials. However, no difference in latency was 

observed between congruent and NoGo trials F(1, 56) = 1.37, p = .247, ηp
2 = .02.  

For P3 amplitude, a main effect of condition was observed, F(2.68, 150.26) = 4.31, p = .008, 

ηp
2 = .07. Post hoc contrasts indicated that P3 amplitude was largest for NoGo trials relative to 

congruent trials, F(1, 56) = 6.77, p = .012, ηp
2 = .11, but no difference was observed between 

congruent trials and incongruent trials (F < 1) or reversed trials (F < 1). As expected, P3 latency 

was found to differ across conditions, F(2.35, 131.31) = 23.46, p < .001, ηp
2 = .30. Post hoc 

contrasts indicated that in comparison to the congruent condition P3 latency was delayed in the 

incongruent, F(1, 56) = 46.37, p < .001, ηp
2 = .45, reversed, F(1, 56) = 54.18, p < .001, ηp

2 = .49, 

and NoGo conditions, F(1, 56) = 38.79, p < .001, ηp
2 = .41. 

Sleep data analysis 

Sleep and performance 

 Contrary to expectation, reaction time, accuracy, and post-error slowing did not differ 

between groups based on sleep duration, sleep efficiency, or number awakenings (see Table 3.5). 
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Sleep and stimulus-locked ERPs 

Contrary to expectations, neither N2 nor P3 differed between groups based on sleep duration 

or sleep quality (see Table 3.6). 

  

Table 3.5 

ANOVA Statistics for the Between-Within Subject ANOVAs Comparing Differences in 

Performance for Low and High Sleep Duration/Quality Groups. 

 
Main Effect 

Sleep group 
 

2-way interaction 

Condition * Sleep group 

Total Sleep Time F df p ηp
2  F df p ηp

2 

Accuracy < 1 1, 52 .725 < .01  < 1 3, 156 .487 .01 

Reaction Time < 1 1, 52 .372 .02  < 1 2, 104 .439 .01 

PES < 1 1, 51 .678 < .01  - - - - 

Sleep Efficiency F df p ηp
2  F df p ηp

2 

Accuracy < 1 1, 52 .493 .01  < 1 3, 156 .418 .02 

Reaction Time < 1 1, 52 .572 .01  < 1 2, 104 .554 .01 

PES < 1 1, 51 .474 .01  - - - - 

Awakenings F df p ηp
2  F df p ηp

2 

Accuracy < 1 1, 52 .825 < .01  1.48 3, 156 .233 .03 

Reaction Time < 1 1, 52 .422 .01  < 1 2, 104 .662 .01 

PES < 1 1, 51 .872 < .01  - - - - 

Note. PES = post-error slowing; awakenings = average number of awakenings.  
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Table 3.6 

ANOVA Statistics for Mixed ANOVAs Comparing Differences in N2 and P3 Between Low and 

High Sleep Duration/Quality Groups. 

 
Main Effect 

Sleep group 
 

2-way interaction 

Condition * Sleep group 

Total Sleep Time F df p ηp
2  F df p ηp

2 

N2 Amplitude < 1 1, 49 .945 < .01  < 1 3, 147 .450 .02 

N2 Latency 1.79 1, 49 .187 .04  < 1 3, 147 .610 .01 

P3 Amplitude 1.48 1, 49 .229 .03  1.72 3, 147 .166 .03 

P3 Latency 1.01 1, 49 .321 .02  < 1 3, 147 .867 < .01 

Sleep Efficiency F df p ηp
2  F df p ηp

2 

N2 Amplitude 2.49 1, 49 .121 .05  1.24 3, 147 .296 .03 

N2 Latency 1.21 1, 49 .277 .02  < 1 3, 147 .444 .02 

P3 Amplitude < 1 1, 49 .953 < .01  1.05 3, 147 .367 .02 

P3 Latency 1.80 1, 49 .187 .04  < 1 3, 147 .608 .01 

Awakenings F df p ηp
2  F df p ηp

2 

N2 Amplitude 1.30 1, 49 .259 .03  < 1 3, 147 .707 .01 

N2 Latency < 1 1, 49 .754 < .01  < 1 3, 147 .501 .02 

P3 Amplitude < 1 1, 49 .834 < .01  < 1 3, 147 .437 .02 

P3 Latency < 1 1, 49 .682 < .01  < 1 3, 147 .652 .01 

Note. Awakenings = average number of awakenings.  

 

Sleep and response-locked ERPs 

 Consistent with our hypotheses, ERN amplitudes were significantly smaller in the short 

sleep relative to the longer sleep duration group. No difference in ERN amplitudes was noted 

between sleep efficiency or number of awakenings groups, nor were any group differences noted in 

Pe amplitude (see Table 3.7). 
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Table 3.7 

ANOVA Statistics for Between-Subject ANOVAs Comparing Differences in ERN and Pe Between 

Low and High Sleep Duration/Quality Groups. 

Total Sleep Time F df p ηp
2 

ERN 4.10 1, 46 .049 .08 

Pe 1.03 1, 46 .315 .02 

Sleep Efficiency F df p ηp
2 

ERN < 1 1, 46 .922 < .01 

Pe < 1 1, 46 .644 .01 

Awakenings F df p ηp
2 

ERN < 1 1, 46 .798 < .01 

Pe < 1 1, 46 .496 .01 

Note. ERN = error-related negativity; Pe = error positivity; awakenings = average 

number of awakenings.  

 

Discussion 

The aim of this study was to examine whether naturalistic sleep patterns were associated 

with behavioural and electrophysiological measures of cognitive control and performance 

monitoring. Contrary to expectation, inadequate sleep quality and sleep duration were not 

significantly associated with poorer performance or with a reduction in the electrophysiological 

indices of stimulus processing extracted during performance on a Flanker-Go/NoGo task. However, 

reduced ERN amplitudes were found in those participants who slept, on average, less than 7 hours 

per night. These findings extend our understanding of the consequences of poor sleep by 

demonstrating that habitual, inadequate sleep is associated with a similar pattern of results that is 

typically seen in the experimental sleep literature. In addition, this finding provides additional 

evidence for the recommendations made by the National Sleep Foundation Guidelines, by 

highlighting meaningful differences in brain functioning between those who sleep longer than 7 

hours (recommended) in comparison to those who sleep fewer than 7 hours (not recommended). 
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Whilst sleep deprivation studies support the relationship between sleep loss and reduced 

performance monitoring, inconsistencies have been found with some studies reporting no change in 

ERN amplitude following a period of prolonged wakefulness (20 hours; Scheffers et al., 1999) or 

during a sleep inertia protocol (Asaoka et al., 2010). These discrepancies suggest that mild sleep 

loss or sleepiness may not be sufficient to cause difficulties, but that more substantial sleep 

deprivation or chronic sleep loss is required before difficulties are noted. 

It is possible that the finding of a smaller ERN in the low sleep duration group is spurious. 

An alpha-level of .05 was used for each analysis due to the exploratory nature of the current study, 

however, if alpha were adjusted for multiple comparisons the difference between groups would no 

longer reach statistical significance. Whilst it is possible that this reflects a Type 1 error, previous 

research has highlighted the effects of sleep loss on ERN amplitude, suggesting that a relationship 

does, in fact, exist. Nonetheless, future research is needed to explore this relationship further.  

Whilst sleep duration was associated with ERN amplitude, our results did not support a 

relationship with sleep quality. Much of the published experimental literature exploring the 

relationship between sleep and ERN has focused on experimental sleep deprivation, with the 

exception of Ko et al., (2015) who explored the relationship between experimentally-reduced sleep 

quality and ERN. Using nocturnal noise to manipulate sleep quality, Ko et al. (2015) reported no 

significant difference in ERN amplitude following one night of high sleep fragmentation. In 

conjunction with our findings, this suggests that poor sleep quality and insufficient sleep duration 

may have different effects on the brain. 

Contrary to expectation based on the sleep deprivation literature, Pe amplitude did not differ 

between sleep groups. With the exception of Renn and Cote (2013) and Hsieh et al. (2007) who, 

likewise, reported no difference in Pe amplitude, this finding is inconsistent with previous literature 

which reported reduced Pe amplitude following sleep deprivation (Tsai et al., 2005), high sleep 

fragmentation (Ko et al., 2015), and during a sleep inertia protocol (Asaoka et al., 2010). It is, 

therefore, possible that chronic, inadequate sleep may not be sufficient to cause changes in 
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emotional/subjective assessment of errors. Alternatively, it is possible that inconsistencies reflect 

individual differences in error awareness or the salience of the error-inducing stimulus (Overbeek et 

al., 2005). 

Sleep and stimulus processing 

Contrary to expectation, no observable differences were found between sleep groups on the 

stimulus-locked components examined in this study (N2 and P3). This is inconsistent with previous 

literature that reported reduced N2 and P3 amplitude, as well as delayed P3 latency following one 

night of sleep deprivation (e.g., Breimhorst et al., 2008; Renn & Cote, 2013; Schapkin et al., 2006). 

As much of the published research to date has used experimental techniques to alter sleep 

fragmentation and/or sleep duration, it is possible that the discrepancy in findings reflects that 

disturbances to the N2 and P3 occur only after a sufficient amount of sleep loss has been accrued. 

Although Breimhorst et al. (2008) reported a relationship between naturalistic sleep disturbance and 

the N2 and P3, they characterised sleep disturbance based on sleep stage variables obtained via PSG 

(e.g., time spent in slow wave sleep and REM sleep), therefore it was not possible to directly 

compare potential differences in sleep loss with the current study. Future research may benefit from 

exploring the degree/nature of sleep disturbance that is required before stimulus processing is 

affected (i.e., if a dose-response relationship exists).  

Despite statistically significant differences in ERN amplitude associated with inadequate 

sleep, there was no association with performance. Discrepancies between ERP and behavioural data 

are not uncommon in the sleep literature, with some studies finding changes in both ERPs and 

performance following one night of total sleep deprivation (Renn & Cote, 2013; Tsai et al., 2005), 

whereas others have reported only changes in ERPs (e.g., Hsieh et al., 2009). This discrepancy 

between ERPs and performance may reflect a compensatory effect whereby inadequate sleepers put 

in more effort on behavioural tasks to overcome sleep loss (Harrison & Horne, 2000). Furthermore, 

the provision of feedback during the Flanker-Go/NoGo task may have helped participants in the 

inadequate sleep group to compensate for error detection inefficiencies. Alternatively, ERPs may be 
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more sensitive at detecting the effects of sleep loss on the brain and cognition in comparison to 

behaviour, particularly in more mild cases of sleep loss.  

Limitations 

One potential limitation of the current study that may have contributed to the lack of 

findings is the sample size that was used. That said, Breimhorst and colleagues (2008), who 

reported a large effect size between groups, used a smaller sample size than the current study. 

Consequently, the sample size used in the present study should have been large enough to detect 

potential effects. Nonetheless, future research would benefit from using a larger sample size, 

particularly if recruitment targeted individuals with greater variability in sleeping patterns. This 

would allow for researchers to explore the degree of sleep loss required before changes in cognitive 

control are found.  

Another limitation of the current study was the use of actigraphy to measure sleep duration 

and sleep quality. Whilst actigraphy is, currently, one of the best measures to capture habitual sleep 

over multiple nights in a convenient, cost-effective, and non-invasive manner, it has poor specificity 

in detecting wakefulness during sleep periods and therefore may not provide an accurate reflection 

of total sleep time and sleep efficiency (Sadeh, 2011). Therefore, it is possible that the actigraphy 

failed to capture the degree of sleep disturbance in the current population, thus masking any 

possible relationship. Another limitation is the use of university students. As education is related to 

greater cognitive reserve (Stern, 2002), it is possible that university students may be less cognitively 

vulnerable to inadequate sleep or have a greater capacity to compensate for any negative effects.  

Summary and conclusions 

 The aim of this study was to explore the relationship between habitual sleep loss and 

cognitive control. The results provide support for the hypothesis that insufficient habitual sleep is 

associated with changes in error monitoring indicated by reduction in ERN amplitude. However, as 

no relationship was found between sleep, behaviour and stimulus-locked ERP components error 

detection may be particularly sensitive to inadequate sleep.   
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Abstract 

The human brain undergoes extensive development and reorganisation throughout childhood and 

adolescence. During this period of development, the brain is more sensitive to potential disruption 

from environmental factors such as stress, drugs, brain injury, and infection. Previous research has 

highlighted that sleep loss selectively impacts on the efficient functioning of the prefrontal cortex, 

an area of the brain implicated in cognitive control. Whilst animal studies suggest that the 

developing brain may be more vulnerable to the effects of sleep loss, there is no current research in 

humans that have explored potential developmental differences in the relationship between sleep 

and cognitive control. Using electrophysiological and behavioural indices of cognitive control, this 

study aimed to explore whether natural variations in sleep patterns were associated with cognitive 

control, and whether this relationship differed as a function of age. A total of 58 adults and 108 

children and adolescents participated in this study. Sleep was objectively assessed using actigraphy 

and participants were asked to complete a self-report measure of daytime sleepiness. Cognitive 

control was assessed using a hybrid Flanker-Go/NoGo task. Consistent with previous research, 

electrophysiological and behavioural indices of cognitive control developed with age. In addition, 

results indicated that sleep patterns changed across development, with adults exhibiting shorter 

sleep durations on average in comparison to children and adolescents. Contrary to expectation, 

inadequate sleep was not associated with poorer performance during the cognitive control task, nor 

were any differences found in electrophysiological indices of cognitive control.  

  



107 

Introduction 

Sleep needs differ substantially between children, adolescents, and adults, with changes 

observed in sleep duration, sleep efficiency, and sleep architecture across the lifespan (for review 

see Ohayon, Carskadon, Guilleminault, & Vitiello, 2004). Whilst sleep needs may change, sleep 

research has highlighted the importance of having adequate sleep at all ages, with insufficient sleep 

being associated with poorer performance in a range of cognitive domains (for review see Astill, 

Van der Heijden, Van IJzendoorn, & Van Someren, 2012; Lim & Dinges, 2010; Lowe, Safati, & 

Hall, 2017). Executive functioning is considered to be the most sensitive cognitive domain to the 

effects of inadequate sleep, due to sleep loss selectively impacting on the efficient functioning of 

the prefrontal cortex (PFC; Harrison & Horne, 2000), an area of the brain proposed to mediate these 

skills (Niendam et al., 2012). Although there is evidence for the relationship between sleep and 

executive functioning across the lifespan, there is a paucity of research exploring whether the nature 

of that relationship changes at different developmental stages.   

During childhood and adolescence, the human brain undergoes extensive development and 

reorganisation. In typical brain development, these changes occur from back to front, with areas 

such as the PFC being the last to develop and not reaching maturity until early adulthood (Diamond, 

2002; Konrad, Firk, & Uhlhaas, 2013; Tau & Peterson, 2010). Brain development is an interactive 

process, whereby the brain is dependent on environmental cues to aid appropriate organisation and 

overall development. As a result, during periods of brain development, the brain is more sensitive to 

the potential adverse effects of stress, drugs, brain injury, and infection (for review see Andersen, 

2003; Spear, 2000). Considering the PFCs extended period of development, and the relationship 

between sleep and PFC functioning, it is possible that children and adolescents may be more 

vulnerable to the effects of poor sleep than adults. 

Animal studies have found support for this hypothesis, with the effects of sleep loss being 

more pronounced during periods of active brain development (for review see Zhao, Zhao, & 

Veasey, 2017). However, in humans a limited number of studies have explored developmental 
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differences. Jiang et al. (2011) reported that, following 5 nights of a 6-hour sleep restriction 

protocol, adolescents had a significant increase in reaction times during working memory tasks, 

whilst young adults exhibited no significant changes. In their review, Dewald, Meijer, Oort, 

Kerkhof, and Bögels (2010) reported that age moderated the effects of sleep loss on cognitive 

function, with larger effect sizes reported for younger children in comparison to older children. 

Lowe et al. (2017) also reported a significant age effect in their meta-analytic review on the 

relationship between sleep restriction and cognition, however, their findings indicated that there was 

a larger effect of sleep restriction in young adults in comparison to children and adolescents. 

Although these studies suggest that age differences may exist, it is difficult to draw conclusions 

from the existing body of literature due to methodological differences. Approximately 68% of child 

sleep studies have used naturally occurring sleep patterns to examine the relationship between sleep 

and cognition, whilst most of the adult literature has focused on experimentally manipulating sleep 

through sleep deprivation, sleep restriction, or induced sleep fragmentation (Astill et al., 2012). 

Consequently, the levels of sleep loss in adults are typically more extreme than those seen in 

children and adolescents, making it difficult to assess if developmental differences occur. The aim 

of the present study is to expand on previous literature by assessing natural sleeping patterns in 

children, adolescents, and adults to explore whether there are developmental differences in the 

relationship between sleep and cognition.  

In the adult sleep literature, event-related potentials (ERPs) have often been used to assess 

brain functioning following sleep deprivation. Following one night of sleep deprivation, previous 

research has identified impairments in ERPs associated with cognitive control. Cognitive control 

refers to a subset of executive functioning skills that are mediated by the PFC and are important for 

flexible goal directed behaviours (Crone & Steinbeis, 2017; Ridderinkhof et al., 2004). ERPs 

associated with cognitive control that are commonly reported in the sleep literature include the N2, 

P3, error-related negativity (ERN), and error positivity (Pe). Whilst sleep deprivation studies have 

identified impairments in ERPs and behavioural measures associated with cognitive control (see 
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Chapter 1 and 3 for review), to our knowledge, there are only two studies that have explored the 

relationship between naturally occurring sleep patterns and electrophysiological indices of cognitive 

control in young adults. In Chapter 3, results indicated that individuals who experienced inadequate 

sleep duration had inefficiencies in performance monitoring, as reflected by a reduction in the 

amplitude of the ERN, a negative peak associated with error detection. However, no differences 

were observed in Pe amplitude, a positive peak proposed to reflect error evaluation, nor were any 

differences observed in indices of inhibition and stimulus processing (e.g., the N2, NoGo P3, and 

Go P3). Conversely, Breimhorst, Falkenstein, Marks, and Griefahn (2008) found that poor sleepers 

had reduced N2 amplitudes, delayed NoGo P3 latencies, and reduced Go P3 amplitudes in 

comparison to good sleepers. They concluded that poor sleep impacts on the efficiency of pre-motor 

inhibitory processes and stimulus processing. 

The discrepancy in findings between these studies may be due to methodological differences 

in how sleep was assessed and in the cognitive control tasks used. Nonetheless, these studies 

provide evidence for a relationship between natural variations in sleep patterns and 

electrophysiological indices of cognitive control in healthy young adults.  

Cognitive control skills develop throughout childhood and adolescence, with improvements 

noted with increasing age on measures of response inhibition, interference suppression, and 

performance monitoring (for review see Crone & Steinbeis, 2017). Developmental changes in 

ERPs, including the ERN, Pe, N2, and P3 have also been reported, suggesting that the underlying 

neural regions that generate these components are maturing and becoming more efficient. In the 

sleep literature, only a handful of studies have explored the relationship between sleep and 

cognitive control in children and adolescents from a behavioural perspective (e.g., Nelson, Nelson, 

Kidwell, James, & Espy, 2015; Sadeh, Gruber, & Raviv, 2002; Telzer, Fuligni, Lieberman, & 

Galván, 2013), with even fewer studies exploring this relationship using ERPs. In their study, 

Hoyniak, Petersen, McQuillan, Staples, and Bates (2015) identified that irregular sleeping patterns 

were associated with longer P3 latencies in 3-year-old children. In adolescents, fMRI has been used 
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to explore the relationship between sleep and cognitive control. For example, Telzer and colleagues 

noted that adolescents who reported poorer sleep quality exhibited reduced activity in the 

dorsolateral PFC during a cognitive control task (Telzer et al., 2013). Whilst this study highlights 

that poor sleep can be associated with brain regions associated with cognitive control (i.e., the PFC) 

in adolescents, to our knowledge there are no studies exploring the relationship between sleep and 

cognitive control using ERPs in this age group (i.e., N2, P3, ERN, and Pe). Due to differences in 

methodology across children, adolescents, and adults, it is not possible to draw conclusions on 

potential developmental differences in the relationship between sleep and cognitive control.  

The aim of the current study was to expand on previous studies by investigating the 

relationship between habitual sleep patterns and behavioural and electrophysiological indices of 

cognitive control in children and adolescents. As cognitive control mechanisms develop across 

childhood and adolescents, and differences were observed in the relationship between sleep and 

cognitive control in Chapter 2 and 3, the second aim of this study was to explore whether there are 

developmental differences in the relationship between sleep and cognitive control.  

Method 

Ethical approval 

 This study was approved by the Human Research Ethics Committee of The University of 

Western Australia. Participants aged 18 and above provided written, informed consent, whilst 

written, informed consent was obtained from the parent/guardian for those under the age of 18. 

Children and adolescents also gave informed assent.  

Participants 

Adults. The adult sample consisted of 58 English-speaking young adults (22 male) aged 

between 18 and 30 years old (Mage = 20.19, SD = 2.58). Adult participants were undergraduate 

psychology students from The University of Western Australia and volunteers from the local 

community. One participant was excluded as they were unable to return for testing after completing 

the actigraphy component of the study, leaving a final adult sample of 57 participants.  
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Children and adolescents. A total of 108 English-speaking children and adolescents 

participated in this study as part of a broader, child-development research project, which assessed 

cognitive, social, and emotional development. Children and adolescents were recruited through 

local schools or attended as part of a broader, follow-up study. Participants were divided into child 

(n = 61; Mage = 9.45, SD = 1.95, range = 6 - 13 years old) and adolescent (n = 47; Mage = 15.83, SD 

= 1.06, range = 14 – 17 years old) groups based on the age groups described in the National Sleep 

Foundation guidelines (Hirshkowitz et al., 2015; Ohayon et al., 2017). Data from four children were 

excluded: one sustained a mild concussion during the week of actigraphy recording and three did 

not complete the Flanker-Go/NoGo Task. The remaining 57 children and 47 adolescents were 

reportedly healthy at the time of testing and parents did not disclose the presence of any sleep 

conditions (e.g., obstructive sleep apnoea) on a demographics questionnaire. Demographic 

information for the final sample can be found in Table 4.1. 

Measures 

Full-scale IQ. The two-subtest version of the Wechsler Abbreviated Scale of Intelligence 

second edition (WASI-II; Wechsler, 2011) was used to provide a screen of full-scale IQ (FSIQ). 

The average FSIQ for each age group can be found in Table 4.1.  

Table 4.1 

Demographic Information for the Final Sample of Children, Adolescents, and Young Adults 

Following Exclusions. 

  Gender  Age  FSIQ 

 n Male Female  M SD  n M (SD) 

Children 57 30 (52.6%) 27 (47.4%)  9.49 1.96  55 110.78 (15.01) 

Adolescents 47 24 (51.1%) 23 (48.9%)  15.83 1.06  46 107.07 (11.18) 

Adults 57 21 (36.8%) 36 (63.2%)  20.66 2.58  57 102.91 (10.40) 

Note. FSIQ = full-scale IQ 
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Sleep measures 

Sleep diary. Participants were asked to complete a sleep diary each morning, within one 

hour of getting out of bed. The adult sleep diary contained the 15 core items from the Consensus 

Sleep Diary-M (Carney et al., 2012). Children and adolescents also completed the Census Sleep 

Diary-M, however, the alcohol item was removed, and the diary was presented in a more child-

friendly manner for primary school-aged children (e.g. pictures were added). Parents of those in the 

child sample were asked to assist their children with the sleep diary, as needed.  

Actigraphy. All participants were asked to wear actigraphy wActiSleep+ devices on their 

non-dominant wrists for 7 consecutive days/nights. Participants who were unable to wear their 

actigraph during the day (e.g., due to work commitments) were asked to wear it for a minimum of 5 

minutes prior to bedtime. All data were scored in ActiLife version 6, using the Sadeh Algorithm 

(Sadeh et al., 1994). The bed and wake times reported in the sleep diary were used to determine the 

data analysis window. Where the sleep diary was missing or where there was a significant 

discrepancy (greater than 60 minutes) between self-reported bed/wake times and actigraphy 

activity, bed and wake times were based on visual inspection of the raw data. Nights of reported 

actigraphy removal and nights that did not have a minimum of 5 minutes of wear time prior to 

bedtime were excluded, as the Sadeh Algorithm requires a 5 minutes of wear time either side of the 

epoch it is analysing in order to accurately evaluation sleep/wake patterns (Actigraph, 2018). A 

minimum of 10% of the total number of nights and of the visually scored nights were double-

scored. The average number of valid nights, proportion of visually scored data, and agreement 

between scorers for each age-group can be found in Table 4.2.  

Using the average number of valid nights, the following sleep variables were extracted for 

each participant: total sleep time (TST), sleep efficiency, and number of awakenings. Wake after 

sleep onset (WASO) was also extracted, however, due to high correlations between WASO and 

sleep efficiency (children: r = -.93; adolescents: r = -.94; adults: r = -.96) the WASO variable was 

not used for future analyses. Instead, sleep efficiency and number of awakenings were used for all 
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analyses as measures of sleep quality, whilst TST was used as an index of sleep duration. The 

National Sleep Foundation recommendations (Hirshkowitz et al., 2015; Ohayon et al., 2017) were 

used to divide participants into good and poor sleep quality groups based on sleep efficiency (high 

sleep efficiency: ≥ 85%, low: < 85), and sleep duration. However, due to a high proportion of adults 

(78.9%), adolescents (87.2%), and children (75.4%) exhibiting less than the recommended sleep 

duration, a median split was subsequently used to ensure equal sample sizes1. No recommendations 

were made for total number of awakenings; therefore, a median split was used to group participants 

into high and low groups (see Table 4.3 for actigraphy descriptive statistics). 

Daytime sleepiness 

 Epworth Sleepiness Scale. Adults were asked to complete the Epworth Sleepiness Scale 

(ESS); an eight-item questionnaire used to evaluate subjective daytime sleepiness (Johns, 1991). 

The ESS asks participants to rate on a 4-point Likert scale how likely they are to doze off or fall 

asleep in certain situations (e.g., whilst watching TV), with higher scores indicating greater daytime 

sleepiness. Johns (1992) reported good internal consistency with Cronbach’s alpha of .76 - .88. 

Alpha for this study was good at .80. Two participants did not complete the ESS and were excluded 

                                                           
1 Analyses were rerun using the NSF guidelines to split participants into high and low sleep duration groups. To ensure 

an equal sample size in each group, a subset of the short sleep duration group was used. These participants were gender- 

and age-matched to the high sleep duration group. Analyses produced the same pattern of results.   

Table 4.2 

Descriptive Information Regarding Actigraphy Analysis for Each Age Group, Including the 

Number of Valid Nights, Proportion of Manually Scored Data and Agreement Between Scorers.  

  Valid nights  
NWT 

 
VMS 

 Double Scored 

 n M Range    Total VMS Agreement 

Children 57 6.68 4 – 7  4.02%  6.03%  82.66% 33.33% 93.18% 

Adolescents 47 6.38 3 – 7  8.13%  10.54%  86.45% 22.86% 86.54% 

Adults 57 6.54 3 - 7  7.02%  6.27%  94.49% 48.00% 95.63% 

Note. NWT = non-wear time; VMS = visually manually scored. 
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pairwise during the analysis. Participants were split into high and low daytime sleepiness groups 

using the recommended cut-off score of 10 (Johns, 1992). 

Paediatric Daytime Sleepiness Scale. Children and adolescents were asked to complete the 

Paediatric Daytime Sleepiness Scale (PDSS): an eight-item questionnaire used to evaluate 

subjective daytime sleepiness (Drake et al., 2003). The questionnaire was initially developed for use 

in middle-school students aged 11 – 15 years old, but has since been used in individuals aged 7 to 

18 (Geiger, Achermann, & Jenni, 2010; Tan, Healey, Gray, & Galland, 2012). Participants were 

asked to rate on a 5-point Likert scale how likely they are to experience drowsiness in certain 

situations (e.g., during class periods). To ensure participants understood each of the items, trained 

staff were available to provide assistance as participants completed the questionnaire. Drake et al. 

(2003) reported good internal consistency with Cronbach’s alpha of .81 and .80 in split-half 

samples. Alpha for this study was acceptable at .71 and .83 for children and adolescents 

respectively. Two children did not complete the PDSS and were excluded pairwise during the 

analysis. Participants were split into high and low daytime sleepiness groups using the 

recommended cut-off of 15 (Drake et al., 2003). Descriptive statistics for daytime sleepiness 

measures can be found in Table 4.3. 

Table 4.3 

Descriptive Statistics from Daytime Sleepiness Scales and Extracted Actigraphy Variables (Total 

Sleep Time, Sleep Efficiency, Number of Awakenings) for Low and High Groups Within Each Age 

Group.   

 Mean Median SD Range 

Children     

PDSS (n = 55) 11.47 11.00 5.00 0 - 26 

Low PDSS (n = 42) 9.29 10.00 3.16 0 – 14 

High PDSS (n = 13) 18.54 18.00 2.76 16 – 26 

Total sleep time (n = 57) 501.08 495.00 49.17 390.29 - 599.60 

Low TST (n = 29) 460.24 466.43 25.97 390.29 – 495.00 

High TST (n = 28) 543.38 539.25 25.82 500.67 – 599.60 
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Sleep Efficiency (n = 57) 82.21 83.11 5.13 68.30 - 90.99 

Low Efficiency (n = 38) 79.58 80.13 4.06 68.30 – 84.81 

High Efficiency (n = 19) 87.48 86.68 2.01 85.03 – 90.99 

Awakenings (n = 57) 24.87 25.29 5.31 13.43 - 37.71 

Low awakenings (n = 24) 20.64 21.57 3.28 13.43 – 25.29 

High awakenings (n = 23) 29.25 28.86 2.86 25.57 – 37.71 

Adolescents     

PDSS (n = 47) 15.13 15.00 5.44 4 – 30 

Low PDSS (n = 21) 10.48 11.00 2.99 4 – 14 

High PDSS (n = 26) 18.88 18.53 3.79 15 – 30 

Total sleep time (n = 47) 422.61 427.86 48.37 301.33 – 514.00 

Low TST (n = 24) 385.65 393.86 32.30 301.33 – 427.86 

High TST (n = 23) 461.17 452.20 27.51 429.29 – 514.00 

Sleep Efficiency (n = 47) 85.56 84.42 6.50 63.80 – 92.88 

Low Efficiency (n = 26) 78.29 79.88 5.58 63.80 – 84.98 

High Efficiency (n = 21) 87.85 87.02 2.28 85.03 – 92.88 

Awakenings (n = 47) 23.39 22.00 6.54 10.00 – 36.71 

Low awakenings (n = 24) 18.17 18.36 2.97 10.00 – 22.00 

High awakenings (n = 23) 28.84 29.71 4.39 22.14 – 36.71 

Adults     

ESS (n = 55) 7.58 7.00 4.00 0 – 16 

Low PDSS (n = 35) 5.09 5.00 2.48 0 – 9 

High PDSS (n = 20) 11.95 11.83 12.00 1.73 

Total sleep time (n = 57) 384.31 379.86 44.23 250.00 – 485.00 

Low TST (n = 29) 352.20 31.17 31.17 250.00 -379.86 

High TST (n = 28) 417.56 410.29 28.21 380.71 - 485.00 

Sleep Efficiency (n = 57) 81.85 83.06 6.81 62.83 – 94.06 

Low Efficiency (n = 36) 78.15 79.49 5.80 62.83 – 84.89 

High Efficiency (n = 21) 88.19 87.57 2.05 86.11 – 94.06 

Awakenings (n = 57) 24.11 23.71 6.07 10.14 – 42.00 

Low awakenings (n = 29) 19.57 20.29 3.67 10.14 – 23.71 

High awakenings (n = 28) 28.82 27.93 4.17 24.43 – 42.00 

Note. PDSS = paediatric daytime sleepiness scale; ESS = Epworth sleepiness scale; TST = total sleep time; 

Awakenings = average number of awakenings per night.  
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Flanker-Go/NoGo Task 

A hybrid Flanker-Go/NoGo was used in the current study as a measure of cognitive control. 

During the task, participants were presented with an array of three arrows presented on a black 

background (see Figure 4.1). Each arrow was separated by .07° and was subtended .62° horizontally 

and .62° The task consisted of four conditions: a congruent (40% of trials), baseline condition, 

where all the arrows were green and faced the same direction; an incongruent condition (20% of 

trials; measure of selective attention), where the arrows were green but the target (central) arrow 

faced the opposite direction to the flankers; a reversed condition (20% of trials; measure of 

switching/inhibition), where all the arrows were blue and participants were asked to press the key 

opposite to the direction of the arrow; and a NoGo condition (20% of trials; measure of response 

inhibition), which asked participants to withhold their response when presented with a series of red 

arrows. The stimulus colour of the NoGo and reversed conditions were counterbalanced, with 

approximately half of the participants (22 adults, 26 adolescents, 26 children) receiving blue arrows 

in the NoGo condition.   

Prior to the presentation of each stimulus, a fixation cross was presented for 500 ms. The 

stimulus was then presented for 200 ms and participants were required to indicate the direction of 

the target (central) arrow by pressing one of two keys on the keyboard (the ‘z’ and ‘/’ keys, which 

were covered by red felt patches, for left and right responses respectively). The order of trials was 

randomized within each block and participants were given 1000 ms to respond. Visual feedback 

was provided for 900 ms at a fixed interval of 700 ms following the participant’s response. 

Figure 4.1. The hybrid Flanker-Go/NoGo task stimuli. From left to right: congruent condition, 

incongruent condition, reversed condition, and NoGo condition. The target stimulus is the 

central arrow. 
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Feedback indicated whether their response was correct (Good!), incorrect (Oops!) or if they failed 

to respond to congruent, incongruent, or reversed stimuli (Too Slow!). Participants were 

encouraged to respond quickly and accurately. A practice block of 10 trials were presented prior to 

six experimental blocks of 50 trials each (300 trials total).  

Behavioural responses that occurred less than 100 ms following the presentation of the 

stimuli during the Flanker/Go-NoGo task were excluded, as were responses that exceeded three 

standard deviations from the individual’s mean reaction time. After exclusion of these trials, median 

reaction time was calculated for each condition. Post-error slowing was calculated by assessing the 

difference in reaction time on trials following a correct response in comparison to those following 

an incorrect response. This was calculated on congruent trials only, with more negative values 

indicating greater post-error slowing. One participant from the adult group was excluded from post-

error slowing analyses as they did not have any congruent trials that followed an incorrect response. 

Descriptive statistics for all behavioural variables for each age group are reported in Table 4.4, 

whilst descriptive statistics for high and low sleep groups can be found in Tables 4.6 and 4.9.  

Procedure 

Participants were asked to wear an actigraph on their non-dominant wrist and complete a 

sleep diary each morning over seven consecutive nights. Following the last night of actigraphy, 

participants attended a testing session at the University laboratory where they completed a series of 

questionnaires, the WASI-II, and the hybrid Flanker-Go/NoGo task, whilst EEG data were recorded 

continuously. Children who were recruited from local schools completed these measures as part of a 

one-day children’s activity program (maximum of six children per day). During the children’s 

activity program regular breaks were scheduled between tasks to ensure that children did not 

become fatigued and task order was counterbalanced across participants. All tasks were 

administered by trained honours and postgraduate psychology students. 
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Electrophysiological data acquisition  

 During the Flanker-Go/NoGo task EEG data were recorded continuously using an 

EasyCap™ (EASYCAP GmbH, Herrsching Germany) with Ag/Ag-Cl electrodes. Electrodes were 

placed at 33 sites with a ground electrode connected at AFz. The electro-oculogram (EOG) was 

recorded using two bipolar leads, which were placed above and below the left eye. The right 

mastoid was used as an online reference. The EEG was amplified using a NuAmps 40-channel 

amplifier with a sampling rate of 250 Hz and filtered online using a 0.05 - 30 Hz band-pass filter 

and 50 Hz notch filter. Offline ERP processing was conducted using Scan 4.5 software. The EEG 

data were re-referenced to an averaged mastoid and filtered offline using a 0.5-30 Hz zero phase 

shift band-pass filter (12 dB roll off). The ocular artefact reduction algorithm in Scan 4.5 was used 

Table 4.4 

Median Reaction Times, Percentage of Correct Responses, and Post-Error Slowing on 

the Hybrid Flanker-Go/Nogo Task for Each Age Group. 

Variable 

Children 

(n = 57) 
 

Adolescents 

(n = 47) 
 

Young adults 

(n = 57) 

M SD  M SD  M SD 

Percentage Correct        

Congruent 87.51 8.04  94.57 4.39  95.04 2.76 

Incongruent 80.34 11.11  89.38 9.70  90.03 9.86 

Reversed 69.67 17.55  86.70 7.59  84.57 10.60 

NoGo 83.29 12.19  90.28 8.22  94.35 6.16 

Reaction Time (ms)        

Congruent 629.43 79.57  442.36 63.25  444.87 70.27 

Incongruent 712.21 107.50  495.12 55.66  509.10 67.46 

Reversed 815.76 110.89  586.72 73.71  584.67 73.31 

Post-error slowing -32.85 56.78  -55.81 64.00  -55.34 55.27 
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to reduce blink artefact. Two children and one adolescent were excluded from all ERP analyses due 

to computer technical difficulties when collecting EEG data. 

Stimulus-locked ERPs. For stimulus-locked ERPs, epochs were extracted at Fz, FCz, Cz, 

and Pz using an interval of -100 ms to 1000 ms around the presentation of the stimulus. Epochs 

were baseline corrected relative to the pre-stimulus interval and all epochs where voltages exceeded 

150 µV were automatically excluded from processing. Site was selected based on where each 

component was maximal for each age group. For N2, amplitude was maximal at Fz in all conditions 

for adults and adolescents, whilst for children N2 amplitude was maximal at FCz in all conditions. 

Visual inspection of scalp maps (See Figure 4.22) and means indicated that P3 amplitude was 

maximal parietally for children in all conditions, whilst NoGo P3 was maximal centrally for adults 

and adolescents and parietally in the remaining conditions (congruent, incongruent, reversed). N2 

peak latencies/amplitudes were quantified as the time-point at which amplitude was maximal within 

an interval of 200 to 400 ms for adults and adolescents. Due to larger variability in latency a slightly 

longer interval of 200 to 500 ms was used in children. P3 amplitudes/latencies were defined as the 

time-point at which amplitude was maximal between 300 and 700 ms for adults and adolescents, 

whilst a window of 400 to 800 ms was used for children. Individual waveforms were inspected and 

adjusted manually for participants who had latencies earlier or later than these windows. Mean 

amplitude for N2 and P3 were calculated using a 56 ms window centred around the individual peaks 

(Luck, 2014). Mean amplitudes and latencies for each age group can be found in Table 4.5. Grand-

averaged waveforms for stimulus locked components can be found in Figure 4.3. 

Response-locked ERPs. Response-locked epochs were extracted using an interval of -600 ms 

to 1000 ms around the response and were baseline corrected relative to the -400 to -200 ms pre- 

response interval (Olvet & Hajcak, 2009). All epochs where voltages exceeded 150 µV were 

 

 

                                                           
2 N2 scalp maps are not included as N2 amplitudes were small, positive numbers, which made visual representation of 

the topographic distribution unclear. Site was therefore based inspection of means for each site. 
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Figure 4.2. The topographic distribution of the peak amplitude of the grand-averaged P3 in each 

condition (top to bottom: congruent, incongruent, reversed, NoGo) for each age group (left to right: 

children, adolescents, adults).  
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Figure 4.3. Grand-averaged stimulus-locked ERP waveforms elicited following each condition 

during the Flanker-Go/NoGo task at Fz, FCz, Cz and Pz for each age group (left to right: 

children, adolescents, adults). Amplitude (in μV) is represented on the y-xis, with negative 

voltages plotted as upward deflections. Time (in ms) is represented on the x-axis, with time zero 

corresponding to the presentation of the stimuli. 
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automatically excluded from processing. Following artefact rejection3, two adults and one 

adolescent were excluded pairwise from ERN and Pe analyses as they did not have the minimum 

number of errors required to reliability generate the ERN and Pe (< 6; Olvet & Hajcak, 2009; 

Pontifex et al., 2010). ERN and Pe amplitudes were extracted from each of the midline sites (Fz, 

FCz, Cz, and Pz) and were calculated using the difference waveform (incorrect minus correct). Site 

was selected based on where each component was maximal. Visual inspection of scalp maps (see 

Figure 4.4) and means indicated that the Pe was maximal at Pz and ERN was maximal at FCz for all 

groups. The peak latency for each individual was assessed by identifying the time point at which 

amplitude was maximal between -50 to 200 ms for ERN and 200 to 500 ms for Pe. Mean amplitude 

was then calculated for each individual using a 56 ms window centred around the individual peak 

latency (Luck, 2014). Mean amplitudes and latencies for each age group can be found in Table 4.5, 

whilst grand-averaged waveforms for response locked components can be found in Figure 4.5. 

                                                           
3 Following artefact rejection, a series of t-tests were conducted for each age group to ensure sleep groups did not differ 

on the number trials used to compute response-locked components, with no statistically significant differences observed 

(p > .05). 

Figure 4.4. The topographic distribution of the peak amplitude of the grand-average for ERN 

(top) and Pe (bottom) for each age group (left to right: children, adolescents, adults).  
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Figure 4.5. Grand-averaged response-locked ERP waveforms elicited following correct and 

incorrect responses, as well as the difference waveform (incorrect minus correct) during the 

Flanker-Go/NoGo task at Fz, FCz, Cz and Pz for each age group (left to right: children, 

adolescents, adults). Amplitude (in μV) is represented on the y-xis, with negative voltages 

plotted as upward deflections. Time (in ms) is represented on the x-axis, with time zero 

corresponding to response onset.  
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Table 4.5 

Mean Amplitudes (μV) and Latencies (ms) for ERP Components Extracted During the Flanker-

Go/Nogo Task for Each Age Group. 

Variable 
Children  Adolescents  Adults 

n M SD  n M SD  n M SD 

ERN amplitude 54 -7.39 5.16  44 -8.23 4.73  55 -10.87 5.05 

ERN latency 54 32.30 65.21  44 58.00 38.38  55 59.50 34.66 

Pe amplitude 54 13.76 6.96  44 12.39 6.52  55 9.07 4.84 

Pe latency 54 376.44 97.34  44 317.27 95.47  55 316.87 71.76 

N2 Amplitude            

Congruent 54 -3.06 6.04  47 0.85 3.75  57 0.03 3.87 

Incongruent 54 -3.48 5.69  47 0.99 3.54  57 0.39 3.87 

Reversed 54 -6.86 6.64  47 -0.99 3.90  57 -1.23 4.01 

NoGo 54 -6.72 6.90  47 -0.47 3.80  57 -0.93 4.34 

N2 Latency            

Congruent 54 376.96 57.43  47 333.36 87.39  57 314.88 72.30 

Incongruent 54 375.05 50.78  47 350.21 66.66  57 313.82 47.04 

Reversed 54 385.36 67.94  47 361.96 80.22  57 344.07 69.17 

NoGo 54 378.11 52.52  47 324.13 53.51  57 326.13 54.40 

P3 Amplitude            

Congruent 54 12.64 5.60  47 11.72 5.27  57 8.98 4.38 

Incongruent 54 14.50 5.93  47 12.10 4.57  57 8.30 3.87 

Reversed 54 17.64 6.72  47 12.20 4.38  57 9.11 3.81 

NoGo 54 15.54 6.32  47 11.14 5.65  57 10.00 4.62 

P3 Latency            

Congruent 54 601.48 122.00  47 390.83 84.17  57 380.42 60.38 

Incongruent 54 633.33 117.05  47 421.28 79.88  57 441.89 97.05 

Reversed 54 661.78 127.12  47 507.53 121.19  57 494.04 109.34 

NoGo 54 635.19 118.08  47 486.30 86.41  57 476.21 85.61 

Note. Amplitudes were measured using a 56 ms window around the individuals’ peak latency. Amplitudes are reported 

using the site at which amplitudes were maximal for each age group. ERN = error-related negativity; Pe = error 

positivity.  
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Data analysis 

Data screening and analyses were conducted using SPSS Statistics 22.0. All variables were 

inspected for univariate outliers using standardised scores and a criterion of z ≥ ± 3.29 (Tabachnick 

& Fidell, 2007). Any variables that exhibited outliers were replaced with a value three standard 

deviations from the mean (Field, 2013). All variables were normally distributed based on cut off 

values of ±2 for skew and ±4 for kurtosis (Field, 2009).  

Prior to conducting our primary analyses, repeated measures ANOVAs were initially 

conducted to ensure the modified Flanker-Go/NoGo task exhibited the desired experimental effects. 

Condition was entered as a within-subjects factor and age group was added as the between-subjects 

factor to determine whether developmental differences exist. For N2 and P3 data, site was also 

added as a within-subjects factor to determine where amplitudes were maximal for subsequent 

analyses. Greenhouse-Geisser corrected p-values were reported where the assumption of sphericity 

was violated (Jennings, 1987; Maurissen & Vidmar, 2017). For all analyses with age group entered 

as a between-subject factor the assumption of homogeneity was violated (Box’s M p < .05), 

however, due to relatively equal sample sizes in each group the ANOVA is still considered robust 

(Tabachnick & Fidell, 2007). 

To test the main hypotheses, in relation to sleep duration and sleep quality, sleep group was 

added as a between-subjects factor. Age and gender were added as covariates for all sleep analyses 

due to previous research identifying potential age and gender differences in sleep and cognitive 

control (e.g., Blakemore & Choudhury, 2006; Davies, Segalowitz, & Gavin, 2004b; Dewald et al., 

2010; Laberge et al., 2001). An alpha-level of .05 was used for each analysis due to the exploratory 

nature of the current study (Perneger, 1998).  

Results 

Behavioural data analysis 

 For accuracy, results indicated a significant age group by condition interaction, F(5.23, 

413.49) = 6.69, p < .001, ηp
2 = .08. This was followed up with separate ANOVAs with post hoc 
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contrasts for each age group in order to explore the effect of condition on accuracy. For adults, there 

was a main effect of condition, F(2.58, 133.18) = 32.61, p < .001, ηp
2 = .37, with post hoc contrasts 

indicating that accuracy was poorer in the incongruent condition, F(1, 56) = 16.58, p < .001, ηp
2 = 

.23, and reversed condition, F(1, 56) = 63.57, p < .001, ηp
2 = .53, relative to the congruent 

condition, however, no difference was noted between the NoGo condition and congruent condition, 

F(1, 56) < 1, p = .398, ηp
2 = .01. For adolescents (condition main effect: F(3, 138) = 15.37, p < 

.001, ηp
2 = .25), accuracy was poorer in the incongruent condition, F(1,46) = 20.33, p < .001, ηp

2 = 

.31, reversed condition, F(1, 46) = 59.81, p < .001, ηp
2 = .57, and NoGo condition, F(1, 46) = 14.35, 

p < .001, ηp
2 = .24, in comparison to the congruent condition. Similarly, children (condition main 

effect: F(2.09, 117.14) = 43.71, p < .001, ηp
2 = .44) had poorer accuracy in the incongruent 

condition, F(1, 56) = 60.41, p < .001, ηp
2 = .52, reversed condition, F(1, 56) = 105.66, p < .001, ηp

2 

= .65, and NoGo condition, F(1, 56) = 8.06, p = .006, ηp
2 = .13, in comparison to the congruent 

condition.  

For reaction time data, a significant age group by condition interaction was found, F(3.28, 

259.42) = 8.24, p < .001, ηp
2 = .09. This was followed up with separate ANOVAs with post hoc 

contrasts for each age group to explore the effect of condition on reaction time. A significant main 

effect of condition was observed for adults, F(1.49, 83.59) = 340.24, p < .001, ηp
2 = .86, with 

slower reaction times in the incongruent, F(1, 56) = 341.83, p < .001, ηp
2 = .86, and reversed 

conditions, F(1, 56) = 545.27, p < .001, ηp
2 = .91. Similarly, for children (main effect: F(1.76, 

98.50) = 261.81, p < .001, ηp
2 = .82) and adolescents (main effect: F(1.36, 62.40) = 292.40, p < 

.001, ηp
2 = .86) the same pattern was observed, with participants exhibiting slower reaction times in 

the incongruent condition (children: F(1, 56) = 154.68, p < .001, ηp
2 = .73; adolescent: F(1, 56) = 

506.17, p < .001, ηp
2 = .90) and reversed condition (children: F(1, 46) = 230.09, p < .001, ηp

2 = .83; 

adolescent: F(1, 46) = 386.32, p < .001, ηp
2 = .89) relative to the congruent condition. 

To determine if participants exhibited post-error slowing behaviors following an error, a 

series of one-sample t-tests were performed for each age group. Post-error slowing values were 
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significantly different from zero (adults: t(55) = 7.49, p < .001; adolescents: t(46) = 5.98, p < .001; 

children: t(56) = 4.37, p < .001) indicating that participants’ response speed was slower following 

an incorrect response in comparison to a correct response.  

Development and behavioural data 

To explore the effect of age group on accuracy and reaction times, a series of one-way 

ANOVAs with post hoc comparisons were conducted for each condition. For accuracy a main 

effect of age was observed on congruent, F(2, 158) = 31.67, p < .001, ηp
2 = .29, incongruent, F(2, 

158) = 15.45, p < .001, ηp
2 = .16, reversed, F(2, 158) = 28.28, p < .001, ηp

2 = .26, and NoGo trials, 

F(2, 158) = 20.75, p < .001, ηp
2 = .21. Post hoc comparisons indicated that adults and adolescents 

were more accurate than children on all trials (all p < .001). No differences were observed between 

adults and adolescents on the congruent (p = .669), incongruent (p = .748), and reversed trials (p = 

.401), however, adults were significantly more accurate than adolescents on NoGo trials (p = .027). 

For reaction time data, significant main effects of age were observed for all conditions 

(congruent: F(2, 158) = 123.08, p < .001, ηp
2 = .61; incongruent: F(2, 158) = 122.52, p < .001; 

reversed: F(2, 158) = 124.33, p < .001, ηp
2 = .61). Post hoc comparisons indicated that in 

comparison to children, adults and adolescents responded significantly faster on all conditions (all p 

< .001), however, no differences in reaction time were observed between adolescents and adults 

(congruent: p = .859; incongruent: p = .384; reversed: p = .907). For post-error slowing behaviours, 

no age group differences were observed (main effect: F(2, 157) = 2.77, p = .066, ηp
2 = .03). 

Electrophysiological data analysis 

Stimulus-locked ERP analysis 

 For N2 amplitude, a significant condition by age group interaction was noted, F(5.52, 

427.98) = 4.44, p < .001, ηp
2 = .05. To explore the effect of condition, separate ANOVAs with post 

hoc contrasts were conducted for each age group. For adults, N2 amplitude was larger on reversed, 

F(1, 56) = 10.88, p = .002, ηp
2 = .16, and NoGo trials, F(1, 56) = 6.47, p = .014, ηp

2 = .10, relative to 

congruent trials (condition main effect: F(3, 168) = 8.93, p < .001, ηp
2 = .14). No difference in 
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amplitude was observed between congruent and incongruent trials, F(1, 56) = 1.28, p = .263, ηp
2 = 

.02. Similarly, children and adolescents exhibited a main effect of condition (adolescents: F(3, 138) 

= 8.55, p < .001, ηp
2 = .16; children: F(3, 159) = 18.79, p < .001, ηp

2 = .26), with larger amplitudes 

observed following reversed (adolescents: F(1, 46) = 11.12, p = .002, ηp
2 = .20; children: F(1, 53) = 

25.97, p < .001, ηp
2 = .33) and NoGo trials (adolescents: F(1, 46) = 7.35, p = .009, ηp

2 = .14; 

children: F(1, 53) = 25.23, p < .001, ηp
2 = .32), relative to the congruent trials. No differences were 

observed between congruent and incongruent trials (both groups: F < 1).  

 For N2 latency, a main effect of condition, F(2.81, 435) = 6.52, p < .001, ηp
2 = .04, and age 

group, F(2, 155) = 19.18, p < .001, ηp
2 = .20, was observed, however, there was no age group by 

condition interaction, F(5.61, 435) = 1.88, p = .088, ηp
2 = .02. Post hoc contrasts indicated that N2 

latency was significantly later following reversed trials relative to congruent trials, F(1, 155) = 

11.50, p = .001, ηp
2 = .07, however, incongruent and NoGo trials did not differ relative to congruent 

trials (both F < 1).   

For P3 amplitude, a condition by age group interaction was observed, F(5.27, 408.71) = 

8.82, p < .001, ηp
2 = .10. To explore the effect of condition, separate ANOVAs with post hoc 

contrasts were conducted for each age group. For adults, P3 amplitudes were larger for incongruent 

trials, F(1, 56) = 4.56, p = .064, ηp
2 = .08, relative to congruent trials (condition main effect: F(1.90, 

106.44) = 4.17, p = .020, ηp
2 = .07), however no differences in amplitudes were noted following 

reversed, F < 1, and NoGo trials, F(1, 56) = 2.85, p = .097, ηp
2 = .05, relative to congruent trials. P3 

amplitude did not differ as a function of condition for adolescents, F(3, 138) = 1.61, p = .189, ηp
2 = 

.03. For children, P3 amplitudes were larger follow incongruent, F(3, 53) = 13.59, p = .001, ηp
2 = 

.20, reversed, F(3, 53) = 55.50, p = .001, ηp
2 = .51, and NoGo trials, F(3, 53) = 19.32, p < .001, ηp

2 = 

.27, relative to congruent trials (condition main effect: F(3, 159) = 20.67, p < .001, ηp
2 = .28).  

For P3 latency, a condition by age group interaction was observed, F(5.57, 431.73) = 3.43, p 

= .003, ηp
2 = .04. This was followed up with separate ANOVAs for each age group, to explore the 

effect of condition on P3 latency. For adults, a main effect of condition was observed, F(2.61, 
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145.90) = 30.18, p < .001, ηp
2 = .35, with post hoc contrasts indicating that P3 latency was 

significantly later following incongruent, F(1, 56) = 28.77, p < .001, ηp
2 = .34, reversed, F(1, 56) = 

64.01, p < .001, ηp
2 = .53, and NoGo trials, F(1, 56) = 83.10, p < .001, ηp

2 = .60, relative to 

congruent trials. A similar pattern was observed for adolescents, with later P3 latencies observed 

following incongruent, F(1, 46) = 4.92, p = .032, ηp
2 = .10, reversed, F(1, 46) = 44.22, p < .001, ηp

2 

= .49, and NoGo trials, F(1, 46) = 35.70, p < .001, ηp
2 = .44, relative to congruent trials (condition 

main effect: , F(3, 138) = 25.21, p < .001, ηp
2 = .35). For children, a main effect of condition was 

observed, F(3, 159) = 4.96, p = .003, ηp
2 = .09, with later latencies observed following reversed, 

F(1, 53) = 17.27, p < .001, ηp
2 = .25, and NoGo trials, F(1, 53) = 5.07, p = .029, ηp

2 = .09, relative to 

congruent trials. Whilst incongruent trials were also later relative to congruent trials, this did not 

reach significance, F(1, 53) = 3.92, p = .053, ηp
2 = .07.  

Development and stimulus-locked ERPs 

 To explore the effect of age on N2 amplitude, separate ANOVAs were conducted for each 

condition. Results indicated a main effect of age group on N2 amplitude for congruent, F(2, 158) = 

10.55, p < .001, ηp
2 = .12, incongruent, F(2, 155) = 15.29, p < .001, ηp

2 = .17, reversed, F(2, 155) = 

23.08, p < .001, ηp
2 = .23, and NoGo trials, F(2, 155) = 23.47, p < .001, ηp

2 = .23. Post hoc 

comparisons indicated that children exhibited significantly larger (more negative) N2 amplitudes on 

all trials in comparison to young adults (all p ≤ .001) and adolescents (all p < .001). No differences 

were found between adolescents and adults for congruent (p = .382), incongruent (p = .499), 

reversed, (p = .816), and NoGo trials (p = .653). For N2 latency, the main effect of age group was 

followed up with post hoc contrasts that indicated that across conditions children had significantly 

later N2 latencies in comparison to adolescents (p < .001) and adults (p < .001). N2 latencies were 

later for adolescents in comparison to adults, however, this difference did not reach significance (p 

= .057).   

 To explore the effect of age on P3 amplitude, separate ANOVAs were conducted for each 

condition. A main effect of age group was observed for all conditions (congruent: F(2, 155) = 7.76, 
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p = .001, ηp
2 = .09; incongruent: F(2, 155) = 22.91, p < .001, ηp

2 = .23; reversed: F(2, 155) = 38.87, 

p < .001, ηp
2 = .33; NoGo: F(2, 155) = 21.53, p < .001, ηp

2 = .22). Post hoc contrasts indicated that 

children exhibited significantly larger P3 amplitudes across all conditions in comparison to adults 

(all p < .001). When compared to the adolescent group, children exhibited significantly larger 

amplitudes on incongruent (p = .015), reversed (p < .001), and NoGo trials (p < .001), however, no 

difference was observed for congruent trials (p = .362). In comparison to adults, adolescents 

displayed significantly larger P3 amplitudes following congruent (p = .007), incongruent (p < .001), 

and reversed (p = .003) trials, however, no differences were observed for NoGo trials (p = .300).  

 For P3 latency, the age group by condition interaction was followed up with separate 

ANOVAs for each condition. A main effect of age group was observed for all conditions 

(congruent: F(2, 155) = 97.93, p < .001, ηp
2 = .56; incongruent: F(2, 155) = 72.31, p < .001, ηp

2 = 

.48; reversed: F(2, 155) = 32.91, p < .001, ηp
2 = .530; NoGo: F(2, 155) = 44.14, p < .001, ηp

2 = .36), 

with post hoc comparisons indicating that children displayed significantly later P3 latencies on all 

conditions in comparison to adolescents and adults (all p < .001). No differences were observed in 

P3 latency between adults and adolescents (congruent: p = .568; incongruent: p = .297; reversed: p 

= .575; NoGo: p = .603).  

Development and response-locked ERPs 

 For ERN amplitude, a main effect of age group was observed, F(2, 150) = 7.12, p = .001, ηp
2 

= .09. In comparison to adults, children (p < .001) and adolescents (p = .010) had significantly 

smaller (less negative) ERN amplitudes. No difference in ERN amplitudes were observed between 

children and adolescents (p = .410). A main effect of age group was also observed for Pe amplitude, 

F(2, 150) = 8.35, p < .001, ηp
2 = .10, with children (p < .001) and adolescents (p = .008) exhibiting 

larger Pe amplitudes in comparison to adults. No differences were observed between children and 

adolescents (p = .275).  
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Sleep data analysis 

Sleep and development 

 For total sleep time, results indicated a significant main effect of age group, F(2, 158) = 

90.09, p < .001, ηp
2 = .533. Post hoc comparisons indicated that young adults had shorter sleep 

duration in comparison to adolescents (p < .001) and children (p < .001), and that adolescents slept 

significantly less than children (p < .001). No differences were observed between age groups for 

sleep efficiency, F(2, 158) < 1, p = .839, ηp
2 < .01, or number of awakenings, F(2, 158) < 1, p = 

.452, ηp
2 = .01.  

Sleep and performance 

Sleep and accuracy. Descriptive statistics for accuracy during the Flanker/Go-NoGo task for 

high and low sleep groups can be found in Table 4.6. Contrary to expectation, accuracy did not 

differ based on sleep efficiency (see Table 4.7 for ANOVA statistics). For sleep duration, a three-

way interaction was observed, however, contrary to expectation, separate one-way ANOVAs for 

each age group indicated that there was no significant sleep group by condition interaction, nor was 

there a significant main effect of sleep group (see Table 4.8 for ANOVA statistics).  

A three-way interaction was also observed for number of awakenings. No differences in 

accuracy between sleep groups were observed for children and adults, however, a condition by 

sleep group interaction was observed for adolescents. Follow-up ANOVAs for each condition 

revealed that adolescents with more night-time awakenings were more accurate on the NoGo 

condition in comparison to the low night-time awakening group (see Table 4.8 for ANOVA 

statistics. No differences were observed for the remaining conditions. A three-way interaction was 

also observed for daytime sleepiness, however, follow-up tests exploring the relationship for each 

age group did not reach significance (see Table 4.8 for ANOVA statistics). 
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Table 4.6 

Descriptive Statistics for Accuracy (percentage correct) in Each Condition of the Flanker-Go/Nogo Task for Low and High Sleep Groups in 

Each Age Group. 

Variable 
Sleep duration  Sleep efficiency  Number of awakenings  Daytime Sleepiness 

Low High  Low High  Low High  Low High 

 M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD) 

Children n = 29 n = 28  n = 38 n = 19  n = 29 n = 28  n = 42 n = 13 

Congruent 87.47 (7.97) 87.55 (8.26)  87.76 (8.89) 87.01 (6.19)  87.56 (7.51) 87.46 (8.69)  89.05 (7.87) 84.30 (6.90) 

Incongruent 82.17 (10.69) 78.44 (11.41)  81.88 (10.93) 77.25 (11.10)  79.81 (11.25) 80.88 (11.14)  82.26 (11.31) 75.83 (9.13) 

Reversed 72.95 (16.45) 66.27 (18.30)  71.66 (19.19) 65.69 (13.30)  71.30 (13.83) 67.98 (20.85)  72.82 (17.34) 62.01 (16.23) 

NoGo 80.96 (14.97) 85.70 (7.98)  83.48 (13.07) 82.91 (10.52)  86.40 (10.67) 80.07 (13.00)  83.87 (11.68) 84.83 (11.86) 

Adolescents n = 24 n = 23  n = 26 n = 21  n = 24 n = 23  n = 21 n = 26 

Congruent 95.31 (4.22) 93.80 (4.52)  94.33 (4.64) 94.87 (4.16)  94.75 (4.30) 94.38 (4.67)  95.08 (3.94) 94.16 (4.76) 

Incongruent 90.85 (9.80) 87.87 (9.58)  89.02 (10.01) 89.81 (9.54)  89.07 (9.52) 89.69 (10.09)  90.75 (8.79) 88.27 (10.42) 

Reversed 87.49 (7.52) 85.87 (7.50)  88.52 (5.93) 84.44 (8.88)  85.07 (9.22) 88.40 (5.06)  87.21 (8.71) 86.28 (6.71) 

NoGo 93.19 (5.25) 87.24 (9.68)  92.50 (4.53) 87.52 (10.34)  87.35 (9.49) 93.33 (9.49)  92.61 (8.34) 88.39 (7.78) 

Adults n = 29 n = 28  n = 36 n = 21  n = 29 n = 28  n = 35 n = 20 

Congruent 95.52 (2.49) 94.55 (2.98)  95.14 (2.80) 94.88 (2.75)  95.31 (2.69) 94.76 (2.86)  95.19 (2.30) 94.91 (2.16) 

Incongruent 91.90 (10.78) 88.10 (8.57)  89.63 (10.54) 90.71 (8.77)  91.44 (9.26) 88.57 (10.41)  90.10 (10.31) 89.92 (9.74) 

Reversed 86.54 (9.58) 82.52 (11.37)  84.85 (11.16) 84.08 (9.80)  86.69 (8.28) 82.37 (12.33)  84.90 (10.17) 85.47 (11.02) 

NoGo 95.34 (5.95) 93.33 (6.32)  95.18 (5.49) 92.94 (7.09)  94.83 (5.05) 93.86 (7.20)  94.95 (5.97) 94.16 (6.15) 
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Sleep Duration F df p ηp
2 

3-way interaction 
Condition * Sleep group * Age group 

2.85 6, 459 .013† .04 

2-way interaction 
Condition * Sleep group 

1.89 3, 459 .138 .01 

2-way interaction 
Sleep group * Age group 

< 1 2, 153 .780 < .01 

Main effect 
Sleep group 

2.30 1, 153 .131 .02 

Sleep Efficiency     

3-way interaction 
Condition * Sleep group * Age group 

1.35 6, 459 .232 .02 

2-way interaction 
Condition * Sleep group 

1.61 3, 459 .193 .01 

2-way interaction 
Sleep group * Age group 

< 1 2, 153 .781 < .01 

Main effect 
Sleep group 

1.91 1, 153 .169 .01 

Awakenings     

3-way interaction 
Condition * Sleep group * Age group 

2.93 6, 459 .012† .04 

2-way interaction 
Condition * Sleep group 

< 1 3, 459 .875 < .01 

2-way interaction 
Sleep group * Age group 

1.51 2, 153 .224 .02 

Main effect 
Sleep group 

< 1 1, 153 .616 < .01 

Daytime Sleepiness     

3-way interaction 
Condition * Sleep group * Age group 

2.32 6, 447 .037† 0.3 

2-way interaction 
Condition * Sleep group 

< 1 3, 447 .575 .01 

2-way interaction 
Sleep group * Age group 

1.39 2, 149 .253 .02 

Main effect 
Sleep group 

3.91 1, 149 .050 .03 

Note. ‡ p < .001, † p < .05; Awakenings = average number of awakenings 

Table 4.7 

ANOVA Statistics for Mixed ANOVAs (Controlling for Age and Gender) Comparing Differences 

in Accuracy on the Flanker/Go-NoGo Task for Low and High Sleep Groups and Age Groups. 
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Sleep and reaction time. Descriptive statistics for reaction time data for high and low sleep 

groups can be found in Table 4.9. No significant differences were observed based on sleep duration, 

number of awakenings or daytime sleepiness (see Table 4.10 for ANOVA statistics). A sleep group 

by condition interaction was observed for sleep efficiency, however, follow-up ANOVAs at each 

condition indicated no significant difference between sleep efficiency group for congruent, 

incongruent, and reversed trials (F < 2, p > .1).  

Sleep and post-error slowing. Contrary to expectation, no significant differences were 

observed between sleep groups for post-error slowing (for descriptive statistics and ANOVA 

statistics see Table 4.9 and 4.11 respectively). 

Table 4.8 

ANOVA Statistics for Follow-Up Mixed ANOVAs (Controlling for Age and Gender) 

Comparing Differences in Accuracy on the Flanker/Go-NoGo Task for Low and High Sleep 

Groups at Each Age Group. 

 
2-way interaction 

Condition * Sleep group 
 

Main effect 

Sleep group 

Sleep Duration F df p ηp
2  F df p ηp

2 

Adults < 1 3, 159 .404 .02  3.54 1, 53 .065 .06 

Adolescents 1.19 3, 129 .313 .03  < 1 1, 43 .705 < .01 

Children 1.21 3, 159 .304 .02  < 1 1, 53 .580 .01 

Number of Awakenings          

Adults 1.57 3, 159 .205 .03  1.78 1, 53 .187 .03 

Adolescents 3.08 3, 129 .037† .07  2.73 1, 43 .106 .06 

Children 2.37 3, 159 .093 .04  < 1 1, 53 .650 < .01 

Daytime Sleepiness          

Adults < 1 3, 153 .953 < .01  < 1 1, 51 .898 < .01 

Adolescents < 1 3, 129 .391 .02  1.69 1, 43 .208 .04 

Children 1.96 3, 159 .140 .04  3.07 1, 53 .086 .06 

Note. † p < .05; Awakenings = average number of awakenings 
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Table 4.9 

Descriptive Statistics for Reaction Time (ms) During Each Condition and Post-Error Slowing Values in The Flanker-Go/Nogo Task for Low and High 

Sleep Groups in Each Age Group.  

 
Sleep duration  Sleep efficiency  Number of awakenings  Daytime Sleepiness 

Low High  Low High  Low High  Low High 

 M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD) 

Children n = 29 n = 28  n = 38 n = 19  n = 29 n = 28  n = 42 n = 13 

Congruent 610.47 (75.19) 649.07 (80.51)  619.34 (81.93) 649.61 (72.49)  632.03 (82.70) 626.74 (77.61)  620.19 (75.03) 660.71 (94.49) 

Incongruent 679.02 (101.15) 746.58 (104.65)  698.22 (97.20) 740.19 (123.68)  718.64 (118.57) 705.55 (96.44)  695.53 (102.88) 764.12 (117.16) 

Reversed 780.82 (97.08) 851.94 (114.28)  796.96 (114.03) 853.34 (96.39)  813.98 (101.38) 817.59 (121.81)  798.70 (105.24) 871.74 (120.02) 

PES -22.34 (55.19) -43.73 (57.33)  -29.07 (59.29) -40.40 (52.09)  -29.27 (49.54) -36.55 (64.13)  -34.62 (56.99) -25.51 (60.13) 

Adolescents n = 24 n = 23  n = 26 n = 21  n = 24 n = 23  n = 21 n = 26 

Congruent 446.23 (62.05) 438.31 (65.62)  444.41 (61.78) 439.82 (66.46)  436.30 (52.71) 448.68 (73.33)  445.78 (68.10) 439.60 (60.26) 

Incongruent 492.04 (58.65) 498.34 (53.49)  492.27 (58.22) 498.65 (53.52)  488.49 (43.65) 502.04 (66.24)  499.89 (60.12) 491.27 (52.67) 

Reversed 578.57 (70.16) 595.22 (77.88)  577.62 (73.79) 597.98 (73.82)  588.25 (69.47) 585.12 (79.43)  589.57 (69.45) 584.41 (78.26) 

PES -51.95 (65.20) -59.85 (63.92)  -44.95 (62.68) -69.26 (64.54)  -75.07 (64.82) -.35.72 (57.84)  -61.14 (78.28) -51.51 (50.91) 

Adults n = 29 n = 28  n = 36 n = 21  n = 29 n = 28  n = 35 n = 20 

Congruent 450.19 (75.98) 439.37 (64.75)  446.83 (72.53) 441.51 (67.82)  449.53 (72.32) 440.04 (69.06)  441.75 (66.17) 447.54 (81.09) 

Incongruent 515.66 (72.72) 502.31 (62.13)  516.43 (67.76) 495.54 (66.66)  507.17 (67.36) 511.10 (68.74)  506.72 (62.41) 511.57 (79.82) 

Reversed 580.47 (79.16) 589.02 (67.89)  582.43 (74.07) 588.52 (73.63)  581.28 (75.23) 588.18 (72.47)  585.20 (70.22) 575.42 (78.64) 

PES -49.60 (49.54) -61.08 (60.83)  -49.05 (42.75) -65.82 (71.48)  -53.58 (61.53) -57.10 (49.30)  -61.55 (61.88) -44.01 (43.93) 

Note. PES = post-error slowing; For adults, one participant was excluded from post-error slowing analyses, resulting in sample sizes of n = 28 for low sleep duration, n = 35 for low sleep efficiency, n = 

28 for low number of awakenings and n = 34 for low daytime sleepiness. 
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Sleep Duration F df p ηp
2 

3-way interaction 
Condition * Sleep group * Age group 

< 1 4, 306 .524 .01 

2-way interaction 
Condition * Sleep group 

2.57 2, 306 .090 .02 

2-way interaction 
Sleep group * Age group 

2.05 2, 153 .132 .03 

Main effect 
Sleep group 

< 1 1, 153 .581 < .01 

Sleep Efficiency     

3-way interaction 
Condition * Sleep group * Age group 

< 1 4, 306 .663 .01 

2-way interaction 
Condition * Sleep group 

2.62 2, 306 .085 .02 

2-way interaction 
Sleep group * Age group 

1.36 2, 153 .260 .02 

Main effect 
Sleep group 

< 1 1, 153 .388 < .01 

Awakenings     

3-way interaction 
Condition * Sleep group * Age group 

1.34 4, 306 .259 .02 

2-way interaction 
Condition * Sleep group 

< 1 2, 306 .906 < .01 

2-way interaction 
Sleep group * Age group 

< 1 2, 153 .812 < .01 

Main effect 
Sleep group 

< 1 1, 153 .997 < .01 

Daytime Sleepiness     

3-way interaction 
Condition * Sleep group * Age group 

1.31 4, 298 .270 .02 

2-way interaction 
Condition * Sleep group 

< 1 2, 298 .518 < .01 

2-way interaction 
Sleep group * Age group 

2.54 2, 149 .083 .03 

Main effect 
Sleep group 

1.45 1, 149 .231 .01 

Note. ‡ p < .001, † p < .05; Awakenings = average number of awakenings 

Table 4.10 

ANOVA Statistics for Mixed ANOVAs (Controlling for Age and Gender) Comparing Differences 

in Reaction Time on the Flanker/Go-NoGo Task for Low and High Sleep Groups and Age 

Groups. 
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Sleep and stimulus-locked ERPs 

 Descriptive statistics for stimulus-locked components for high and low sleep groups can be 

found in Table 4.12 and 4.13. Contrary to our hypotheses, N2 and P3 did not differ as a function of 

sleep group for sleep duration, sleep efficiency, number of awakenings, or daytime sleepiness (see 

Table 4.14 for ANOVA statistics). 

Sleep and response-locked ERPs 

 ERN and Pe amplitude did not differ as a function of sleep group for sleep duration, sleep 

efficiency, number of awakenings, or daytime sleepiness (for descriptive statistics and ANOVA 

statistics see Table 4.12 and 4.15 respectively).  

Sleep Duration F df p ηp
2 

2-way interaction 
Sleep group * Age group 

< 1 2, 152 .868 < .01 

Main effect 
Sleep group 

1.25 1, 152 .265 .01 

Sleep Efficiency     

2-way interaction 
Sleep group * Age group 

< 1 2, 152 .891 < .01 

Main effect 
Sleep group 

2.66 1, 152 .105 .02 

Awakenings     

2-way interaction 
Sleep group * Age group 

2.29 2, 152 .105 .03 

Main effect 
Sleep group 

1.10 1, 152 .296 .01 

Daytime Sleepiness     

2-way interaction 
Sleep group * Age group 

< 1 2, 148 .985 < .01 

Main effect 
Sleep group 

1.99 1, 148 .160 .01 

Note. ‡ p < .001, † p < .05; Awakenings = average number of awakenings 

Table 4.11 

ANOVA Statistics for ANOVAs (Controlling for Age and Gender) Comparing Differences in 

Post-Error Slowing for Low and High Sleep Groups and Age Groups. 
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Table 4.12 

Descriptive Statistics for ERN, Pe, N2, and P3 Amplitude for Low and High Sleep Groups in Each Age Group.  

 
Sleep duration  Sleep efficiency  Number of awakenings  Daytime Sleepiness 

Low High  Low High  Low High  Low High 

Children M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD) 

Response-locked ERPS n = 27 n = 27  n = 35 n = 19  n = 29 n = 25  n = 40 n = 12 

ERN amplitude -6.98 (5.45) -7.80 (4.91)  -7.32 (5.76) -7.52 (3.93)  -7.68 (5.46) -7.06 (4.87)  -7.93 (5.43) -6.25 (4.14) 

Pe amplitude 13.03 (7.00) 14.49 (6.98)  14.22 (6.37) 12.92 (8.05)  12.92 (7.35) 14.74 (6.49)  14.59 (7.23) 11.48 (6.16) 

Stimulus-locked ERPS n = 27 n = 27  n = 35 n = 19  n = 29 n = 25  n = 40 n = 12 

N2 amplitude            

Congruent -3.53 (5.10) -2.58 (6.91)  -2.25 (5.69) -4.54 (6.52)  -2.18 (7.01) -4.07 (4.60)  -3.44 (5.97) -1.72 (6.80) 

Incongruent -3.63 (5.95) -3.32 (5.53)  -2.76 (5.92) -4.79 (5.13)  -3.00 (6.19) -4.03 (5.11)  -4.17 (5.90) -1.54 (5.07) 

Reversed -6.19 (6.28) -7.54 (7.04)  -5.92 (6.24) -8.60 (7.16)  -5.85 (6.94) -8.04 (6.20)  -7.20 (6.25) -5.14 (8.22) 

NoGo -6.78 (7.37) -6.67 (6.54)  -5.81 (7.10) -8.40 (6.35)  -5.63 (7.38) -7.98 (6.21)  -6.53 (6.16) -6.41 (9.35) 

P3 amplitude            

Congruent 11.03 (5.23) 14.26 (5.57)  12.56 (5.44) 12.79 (6.02)  12.44 (5.92) 12.88 (5.30)  12.82 (5.99) 12.57 (4.69) 

Incongruent 13.02 (5.12) 15.97 (6.41)  14.43 (5.60) 14.61 (6.66)  14.27 (6.13) 14.76 (5.82)  14.76 (6.44) 13.68 (4.64) 

Reversed 16.71 (5.92) 18.56 (7.43)  18.25 (6.46) 16.50 (7.21)  18.05 (7.05) 17.15 (6.42)  17.67 (6.89) 16.95 (6.63) 

NoGo 14.35 (6.50) 16.73 (6.02)  16.22 (6.41) 14.29 (6.11)  15.22 (6.18) 15.91 (6.58)  16.08 (6.53) 14.07 (4.65) 

Adolescents            

Response-locked ERPS n = 24 n = 20  n = 24 n = 20  n = 23 n = 21  n = 19 n = 25 

ERN amplitude -8.69 (5.29) -7.68 (4.03)  -8.30 (5.31) -8.15 (4.07)  -8.56 (4.73) -7.87 (4.83)  -7.24 (4.30) -8.99 (4.99) 

Pe amplitude 12.02 (5.66) 12.84 (7.55)  11.42 (5.98) 13.56 (7.09)  11.68 (7.20) 13.17 (5.76)  11.33 (6.89) 13.21 (6.24) 

Stimulus-locked ERPS n = 24 n = 23  n = 26 n = 21  n = 24 n = 23  n = 21 n = 26 
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N2 amplitude            

Congruent -0.10 (3.67) 1.83 (3.66)  0.20 (3.87) 1.64 (3.54)  1.38 (3.73) 0.28 (3.78)  0.19 (4.19) 1.37 (3.35) 

Incongruent 0.39 (3.93) 1.61 (3.04)  0.20 (3.45) 1.97 (3.47)  1.64 (3.42) 0.31 (3.61)  0.35 (4.34) 1.51 (2.70) 

Reversed -1.29 (4.26) -0.69 (3.55)  -1.43 (4.08) -0.45 (3.68)  -0.75 (3.80) -1.25 (4.077)  -1.70 (4.62) -0.42 (3.18) 

NoGo -1.30 (3.94) 0.40 (3.51)  -1.10 (3.54) 0.31 (4.05)  -0.08 (3.89) -0.88 (3.74)  -1.00 (3.58) -0.04 (3.98) 

P3 amplitude            

Congruent 11.07 (5.58) 12.39 (4.95)  11.84 (5.05) 11.57 (5.65)  11.23 (6.05) 12.23 (4.38)  11.95 (5.92) 11.53 (4.79) 

Incongruent 11.50 (5.00) 12.72 (4.10)  12.03 (4.36) 12.18 (4.93)  12.28 (4.87) 11.90 (4.34)  12.19 (5.19) 12.02 (4.11) 

Reversed 11.91 (4.87) 12.51 (3.89)  12.41 (4.55) 11.95 (4.26)  11.52 (5.03) 12.92 (3.56)  12.85 (4.93) 11.68 (3.91) 

NoGo 10.31 (4.56) 11.49 (4.32)  11.04 (4.29) 10.70 (4.71)  10.94 (5.08) 10.83 (3.75)  10.43 (4.79) 11.26 (4.18) 

Adults            

Response-locked ERPS n = 27 n = 28  n = 34 n = 21  n = 27 n = 28  n = 33 n = 20 

ERN amplitude -12.31 (5.50) -9.48 (4.23)  -11.93 (5.43) -9.15 (3.92)  -10.48 (4.46) -11.25 (5.62)  -11.60 (4.82) -9.98 (5.53) 

Pe amplitude 9.75 (5.27) 8.42 (5.27)  8.89 (4.99) 9.37 (4.69)  8.79 (5.23) 9.34 (4.52)  9.76 (5.04) 8.21 (4.47) 

Stimulus-locked ERPS n = 28 n = 29  n = 36 n = 21  n = 29 n = 28  n = 35 n = 20 

N2 amplitude            

Congruent 0.57 (3.25) -0.52 (4.41)  0.56 (3.84) -0.87 (3.85)  -0.35 (3.09) 0.43 (4.57)  -0.30 (4.11) 0.89 (3.47) 

Incongruent 0.44 (3.56) 0.34 (4.22)  0.47 (3.84) 0.25 (4.00)  0.13 (3.73) 0.66 (4.05)  -0.07 (3.90) 1.33 (3.91) 

Reversed -0.98 (3.81) -1.49 (4.27)  -1.05 (4.30) -1.53 (3.55)  -1.36 (3.66) -1.09 (4.41)  -1.67 (4.35) -0.33 (3.49) 

NoGo -0.84 (3.99) -1.03 (4.74)  -0.87 (4.58) -1.05 (3.99)  -0.91 (3.46) -0.96 (5.15)  -1.25 (4.80) -0.23 (3.62) 

P3 amplitude            

Congruent 9.11 (5.10) 8.86 (3.59)  8.98 (4.50) 8.99 (4.28)  8.28 (4.09) 9.71 (4.62)  8.92 (4.31) 8.79 (4.72) 

Incongruent 8.05 (3.66) 8.56 (4.13)  8.15 (3.69) 8.57 (4.25)  8.08 (3.85) 8.53 (3.96)  8.14 (3.92) 8.39 (4.03) 

Reversed 8.66 (3.41) 9.58 (4.19)  9.04 (3.42) 9.25 (4.49)  8.82 (3.90) 9.42 (3.75)  8.71 (3.79) 9.28 (3.66) 

NoGo 9.60 (4.23) 9.62 (3.31)  9.49 (4.30) 9.82 (2.73)  9.52 (3.05) 9.70 (4.46)  9.71 (3.97) 9.06 (3.44) 

Note. ERN = error-related negativity; Pe = error positivity; Amplitudes (μV) are measured at the site at which amplitudes were maximal for each age group  
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Table 4.13 

Descriptive Statistics for N2 and P3 Latency for Low and High Sleep Groups in Each Age Group.  

Variable 
Sleep duration  Sleep efficiency  Number of awakenings  Daytime Sleepiness 

Low High  Low High  Low High  Low High 

 M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD)  M (SD) M (SD) 

Children n = 27 n = 27  n = 35 n = 19  n = 29 n = 25  n = 40 n = 12 

N2 latency            

Congruent 377.04 (43.03) 376.89 (69.80)  376.46 (51.52) 377.89 (68.40)  378.07 (61.53) 375.68 (53.52)  378.90 (59.96) 368.33 (51.97) 

Incongruent 373.19 (49.97) 376.92 (52.46)  343.94 (43.97) 377.10 (62.71)  378.24 (60.06) 371.36 (38.20)  371.92 (54.94) 380.33 (37.70) 

Reversed 378.96 (80.99) 391.75 (80.99)  377.52 (62.40) 399.79 (76.77)  372.83 (60.78) 399.89 (73.98)  386.43 (69.74) 383.67 (67.14) 

NoGo 377.19 (56.88) 379.03 (48.83)  374.63 (54.47) 384.51 (49.50)  378.96 (56.15) 377.12 (49.09)  379.04 (50.35) 367.67 (47.13) 

P3 latency            

Congruent 616.59 (106.84) 586.37 (135.85)  589.94 (112.63) 622.74 (138.31)  611.72 (138.43) 589.60 (101.20)  597.60 (115.78) 592.00 (140.35) 

Incongruent 627.26 (127.35) 639.41 (107.86)  623.77 (104.29) 650.95 (138.90)  621.38 (122.84) 647.20 (110.81)  635.20 (115.98) 640.00 (130.95) 

Reversed 659.26 (117.57) 664.30 (138.22)  654.06 (117.87) 676.00 (114.94)  657.93 (133.42) 666.24 (121.98)  658.90 (128.04) 659.00 (134.29) 

NoGo 633.04 (110.02) 637.33 (127.69)  630.74 (119.07) 643.37 (119.01)  625.38 (105.47) 646.56 (132.51)  638.50 (113.32) 598.00 (124.96) 

Adolescents n = 24 n = 23  n = 26 n = 21  n = 24 n = 23  n = 21 n = 26 

N2 latency            

Congruent 326.67 (96.60) 340.35 (78.17)  334.00 (94.27) 335.57 (80.33)  337.17 (87.80) 329.39 (88.75)  351.81 (103.83) 318.46 (70.07) 

Incongruent 346.33 (75.14) 354.26 (57.91)  333.23 (55.64) 371.24 (74.23)  343.67 (66.44) 357.04 (67.68)  371.43 (71.80) 333.08 (58.04) 

Reversed 354.17 (83.57) 370.09 (77.58)  370.77 (73.37) 351.05 (88.58)  358.50 (91.74) 365.57 (68.05)  361.14 (81.09) 362.52 (81.11) 
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NoGo 320.83 (58.43) 327.56 (48.93)  326.15 (52.23) 321.62 (56.25)  330.92 (53.31) 317.04 (53.98)  325.14 (57.12) 323.31 (51.55) 

P3 latency            

Congruent 394.67 (86.96) 386.83 (82.92)  392.31 (84.28) 389.00 (86.08)  388.88 (81.43) 392.87 (88.72)  399.29 (93.52) 384.00 (77.01) 

Incongruent 429.83 (69.66) 412.35 (90.03)  420.77 (66.52) 421.90 (95.63)  426.17 (91.78) 416.17 (66.96)  423.24 (75.27) 419.69 (84.87) 

Reversed 494.50 (121.37) 520.52 (122.26)  503.85 (119.82) 511.43 (125.69)  512.50 (120.78) 501.74 (124.08)  492.19 (110.25) 519.38 (130.21) 

NoGo 472.83 (81.02) 500.35 (91.35)  494.31 (84.06) 476.38 (90.30)  488.17 (92.17) 484.35 (81.98)  465.52 (65.27) 503.08 (98.36) 

Adults n = 29 n = 28  n = 36 n = 21  n = 29 n = 28  n = 35 n = 20 

N2 latency            

Congruent 310.07 (76.74) 319.86 (68.43)  298.56 (66.16) 342.86 (75.32)  316.83 (80.35) 312.86 (64.32)  326.29 (74.06) 288.40 (57.89) 

Incongruent 307.59 (46.94) 320.29 (47.10)  305.44 (43.37) 328.19 (50.60)  312.41 (58.40) 315.29 (32.37)  317.14 (42.63) 298.80 (45.65) 

Reversed 339.03 (63.51) 349.29 (75.39)  338.67 (71.32) 353.33 (65.97)  331.45 (67.24) 357.14 (69.90)  350.74 (67.49) 328.00 (68.19) 

NoGo 320.47 (58.58) 332.00 (50.09)  315.60 (50.60) 344.19 (57.12)  330.07 (54.95) 322.06 (54.53)  328.85 (53.43) 316.00 (48.70) 

P3 latency            

Congruent 374.76 (53.74) 386.29 (67.06)  374.89 (60.16) 389.90 (61.04)  386.07 (56.94) 374.58 (64.27)  381.49 (65.47) 681.40 (54.60) 

Incongruent 436.28 (91.66) 447.71 (103.69)  442.44 (100.82) 440.95 (92.64)  429.24 (87.24) 455.00 (106.26)  461.94 (99.81) 416.60 (86.64) 

Reversed 491.59 (119.97) 496.57 (99.28)  503.33 (111.13) 478.10 (106.95)  471.45 (107.52) 517.43 (108.13)  510.97 (114.73) 479.20 (92.80) 

NoGo 476.00 (86.14) 476.43 (86.63)  485.00 (89.81) 461.14 (77.65)  469.10 (88.86) 483.57 (83.08)  483.66 (79.96) 476.00 (91.21) 

Note. Latencies (ms) are reported using the site at which amplitudes were maximal for each age group  
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Table 4.14 

ANOVA Statistics for Mixed ANOVAs (Controlling for Age and Gender) Comparing Differences in N2 and P3 for Low and High Sleep Groups 

and Age Groups.  

 
3-way interaction 

Condition * Age group * Sleep group 

2-way interaction 

Condition * Sleep group 
 

2-way interaction 

Sleep group * Age group 
 

Main effect 

Sleep group 

Sleep Duration F df p ηp
2  F df p ηp

2  F df p ηp
2  F df p ηp

2 

N2 Amplitude < 1 6, 450 .625 .01  < 1 3, 450 .438 < .01  < 1 2, 150 .521 .01  < 1 1, 150 .490 < .01 

N2 Latency < 1 6, 450 .999 < .01  < 1 3, 450 .931 < .01  < 1 2, 150 .866 < .01  < 1 1, 150 .431 < .01 

P3 Amplitude < 1 6, 450 .718 .01  < 1 3, 450 .782 < .01  < 1 2, 150 .475 .01  2.01 1, 150 .159 .01 

P3 Latency < 1 6, 450 .571 .01  < 1 3, 450 .490 .01  < 1 2, 150 .939 < .01  < 1 1, 150 .806 < .01 

Sleep Efficiency                    

N2 Amplitude < 1 6, 450 .938 < .01  < 1 3, 450 .743 < .01  2.19 2, 150 .115 .03  < 1 1, 150 .463 < .01 

N2 Latency 1.88 6, 450 .088 .02  < 1 3, 450 .394 .01  1.09 2, 150 .339 .01  2.91 1, 150 .090 .02 

P3 Amplitude < 1 6, 450 .427 .01  < 1 3, 450 .585 .01  < 1 2, 150 .811 < .01  < 1 1, 150 .565 < .01 

P3 Latency < 1 6, 450 .958 < .01  1.10 3, 450 .348 .01  < 1 2, 150 .571 .01  < 1 1, 150 .777 < .01 

Awakenings                   

N2 Amplitude < 1 6, 450 .863 .01  < 1 3, 450 .883 < .01  < 1 2, 150 .503 .01  1.27 1, 150 .262 .01 

N2 Latency < 1 6, 450 .894 .01  2.35 3, 450 .076 .02  < 1 2, 150 .936 < .01  < 1 1, 150 .566 .01 

P3 Amplitude 1.14 6, 450 .339 .02  < 1 3, 450 .576 < .01  < 1 2, 150 .946 < .01  < 1 1, 150 .578 < .01 



143 

 

 

P3 Latency < 1 6, 450 .598 .01  < 1 3, 450 .398 .01  < 1 2, 150 .738 < .01  < 1 1, 150 .579 < .01 

Daytime Sleepiness                    

N2 Amplitude < 1 6, 438 .813 .01  1.01 3, 438 .387 .01  < 1 2, 146 .979 < .01  2.83 1, 146 .095 .02 

N2 Latency < 1 6, 438 .566 .01  < 1 3, 438 .487 .01  < 1 2, 146 .586 .01  3.52 1, 146 .063 .02 

P3 Amplitude 1.30 6, 438 .259 .02  < 1 3, 438 .993 < .01  < 1 2, 146 .526 < .01  < 1 1, 146 .851 < .01 

P3 Latency 1.30 6, 438 .259 .02  < 1 3, 438 .952 < .01  < 1 2, 146 .603 .01  < 1 1, 146 .638 < .01 

Note. Awakenings = average number of awakenings 



 

Discussion 

 The aim of the current study was to examine whether naturalistic sleep patterns were 

associated with behavioural and electrophysiological measures of cognitive control, and whether 

this relationship differed between children, adolescents, and adults. Consistent with previous 

findings, changes in sleep patterns and cognitive control were observed across development. 

Contrary to expectation, inadequate sleep quality and sleep duration were not significantly 

associated with poorer performance or with a reduction in electrophysiological indices of cognitive 

control extracted during a Flanker-Go/NoGo task. However, unexpectedly, poorer sleep quality was 

associated with better performance on the NoGo condition in adolescents. 

Table 4.15 

ANOVA Statistics for Mixed ANOVAs (Controlling for Age and Gender) Comparing 

Differences in ERN and Pe For Low and High Sleep Groups and Age Groups.  

  
2-way interaction 

Sleep group * Age group 
 

Main effect 

Sleep group 

Sleep Duration  F df p ηp
2  F df p ηp

2 

ERN  2.44 2, 145 .091 .03  < 1 1, 145 .579 < .01 

Pe  < 1 2, 145 .529 .01  < 1 1, 145 .935 < .01 

Sleep Efficiency           

ERN  1.56 2, 145 .214 .02  < 1 1, 145 .375 .01 

Pe  1.01 2, 145 .365 .01  < 1 1, 145 .640 < .01 

Awakenings           

ERN  < 1 2, 145 .687 .01  < 1 1, 145 .855 < .01 

Pe  < 1 2, 145 .954 < .01  1.52 1, 145 .220 .01 

Daytime Sleepiness         

ERN  1.79 2, 141 .171 .03  < 1 1, 141 .625 < .01 

Pe  < 1 2, 141 .426 .01  1.66 1, 141 .194 .02 

Note. ERN = error-related negativity; Pe = error positivity; Awakenings = average number of awakenings. 
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Cognitive control and development 

 The results of the current study showed evidence for the ongoing development of cognitive 

control throughout childhood and adolescence. In line with previous studies that have explored 

performance differences during cognitive control tasks (e.g., Ladouceur, Dahl, & Carter, 2007; 

Lamm, Zelazo, & Lewis, 2006; Rueda, Posner, Rothbart, & Davis-Stober, 2004; also see Crone & 

Steinbeis, 2017 for review), adults and adolescents in the current study had significantly better 

performance (shorter reaction times, higher accuracy) in comparison to children during the Flanker-

Go/NoGo task. These behavioural differences suggest that cognitive control develops throughout 

childhood and reaches relatively mature levels by mid-to-late adolescence.  

Changes in electrophysiological indices of cognitive control were also observed. Similar to 

previous studies (e.g., Davies, Segalowitz, & Gavin, 2004a, 2004b; Ladouceur et al., 2007; van 

Meel, Heslenfeld, Rommelse, Oosterlaan, & Sergeant, 2012), ERN amplitudes were larger in adults 

in comparison to children and adolescents. However, contrary to previous studies, ERN amplitudes 

did not differ between children and adolescents. This inconsistency may reflect task differences. 

Davies et al. (2004) reported that the ERN generated in children aged 7- and 8-year-olds tended to 

be inconsistent and very small. Conversely, Hogan, Vargha-Khadem, Kirkham, and Baldeweg 

(2005) proposed that the ERN may be more reliably elicited in children under 10 years old by 

simplifying task conditions. Therefore, as a child-friendly task was used in the current study, it is 

possible that children are displaying a more mature ERN relative to previous studies which have not 

used child-friendly tasks. Alternatively, as ERN amplitude is proposed to change with pubertal 

stage (Barker, 2016), it is possible that puberty onset may be occurring earlier in the current child 

sample, consequently resulting in more mature ERNs in childhood, which then continue to develop 

in late adolescence. Further research is needed to explore the role of puberty on ERN development, 

as well as potential differences in development due to task differences.  

Developmental differences were also observed in Pe amplitude, with significantly larger 

amplitudes observed in children and adolescents, relative to adults. To date, the literature exploring 
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the development of the Pe has been inconsistent, with the majority of studies suggesting that the Pe 

is stable across development (e.g., Davies et al., 2004a, 2004b; Ladouceur, Dahl, & Carter, 2004). 

Conversely, a small number of studies have reported that the Pe is larger in children and adolescents 

relative to adults (Eppinger et al., 2009; Ladouceur et al., 2007). The findings of the current study 

suggest that there may be developmental differences, which reflect the increasing efficiency of error 

evaluation mechanisms in late adolescence. Alternatively, due to the discrepancy in findings across 

the literature, it is possible that differences in Pe amplitudes may instead reflect individual 

differences (e.g., individual’s perception of the error; Ladouceur et al., 2007).  

For stimulus-locked components, N2 amplitudes were observed to be largest in children 

relative to adults and adolescents. These findings are consistent with previous studies (e.g., 

Brydges, Anderson, Reid, & Fox, 2013; Hämmerer, Li, Müller, & Lindenberger, 2010; Johnstone, 

Pleffer, Barry, Clarke, & Smith, 2005) and provide additional evidence that the N2 changes across 

development, which, in conjunction with improvements in performance, suggests that cognitive 

control improves with age. In line with previous studies, a reduction in N2 latency between children 

and adults was also observed. A reduced in N2 latency with development is proposed to reflect 

improvements in efficiency as a result of myelination within the neural regions associated with 

conflict detection/inhibition (Brydges et al., 2013; Lamm et al., 2006). The topographical 

distribution of the N2 also differed between groups. Adults and adolescents were observed to have a 

frontally distributed N2, whilst the N2 in the child sample was fronto-centrally distributed. 

Developmental differences in N2 topography are not uncommon (e.g., Brydges et al., 2013; Lamm 

et al., 2006) with studies suggesting that the shift from parietal to more frontal sites reflects changes 

in the brain regions that are used during cognitive control tasks. Previous research has suggested 

that children are more reliant on posterior brain regions during cognitive control tasks and as the 

brain develops, cognitive control becomes more focally distributed within the PFC (Crone & 

Steinbeis, 2017).   
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The literature surrounding the development of the P3 is limited and inconsistent, with some 

studies reporting that the NoGo P3 is not evident until late childhood, before it increases with age 

and reaches maturity in late adolescence / early adulthood (e.g., Hämmerer et al., 2010; Johnstone et 

al., 2005; Jonkman, Lansbergen, & Stauder, 2003). Consistent with these studies, we did not find a 

frontally distributed P3 in children, however, larger P3 amplitudes were present following NoGo 

trials relative to congruent trials in the child sample. For adolescents, the P3 was centrally 

distributed, but amplitudes did not differ between NoGo and congruent trials, whilst a larger, 

centrally-distributed P3 was observed in adults. Although these findings suggest that the NoGo P3 

changes with development, the absolute amplitude for the P3 following NoGo trials decreased 

across development. This, in conjunction with decreases in latency, suggests that the cortical 

regions generating the NoGo P3 become more efficient across development. Similarly, for the 

remaining conditions, P3 latencies decreased with age. This finding is consistent with previous 

studies that have used NoGo and Flanker tasks and found larger P3 latencies in children relative to 

adults (e.g., Hämmerer et al., 2010; Johnstone et al., 2005; Lewis, Lamm, Segalowitz, & Stieben, 

2006; Rueda et al., 2004).  

Sleep and development  

 Previous studies exploring age differences in sleep patterns have reported that total sleep 

time decreases across the lifespan. In infants, sleep takes up more than 50% of the day, before 

decreasing to 9-11 hours in childhood, 8-10 hours in adolescents, and 7 - 9 hours in young adults 

(Hirshkowitz et al., 2015; Ohayon et al., 2004; Skeldon et al., 2016). Sleep efficiency, on the other 

hand, remains stable across childhood and adolescents (Ohayon et al., 2004). The current study 

supports previous research by showing a similar pattern of results. Our findings indicated that total 

sleep time decreased from childhood to adulthood, whilst no differences were observed in sleep 

efficiency and number of awakenings.  

A high proportion of participants in the current study displayed insufficient sleep duration 

(adults: 78.9%, adolescents: 87.2%, and children: 75.4%). These findings are comparable to other 
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Australian studies that have reported borderline to insufficient sleep in a high proportion of 

children, adolescent, adults (Adams et al., 2017; Dollman, Ridley, Olds, & Lowe, 2007; Tremaine, 

Dorrian, & Blunden, 2010; S. Warner, Murray, & Meyer, 2008). Considering the consequences of 

poor sleep highlighted by previous research and the high proportion of individuals exhibiting 

inadequate sleep, this study highlights the need to monitor sleep in young Australians and to further 

explore sleep needs and potential interventions to ensure individuals receive optimal levels of sleep 

duration. 

Sleep and cognitive control 

 Contrary to expectation, poor sleep quality (number of awakenings) was associated with 

better performance on the NoGo condition in adolescents. To our knowledge, there is only one 

published study that has explored the relationship between sleep and NoGo performance in 

adolescents. Telzer et al. (2013) found that whilst self-reported sleep quality was associated with 

decreased neural activation during the NoGo task, there were no differences in performance. The 

findings of the current study are inconsistent with Telzer et al. (2013), which may reflect 

differences in the measures used (i.e., subjective sleep vs. objective sleep). Alternatively, it is 

possible that the finding in the current study is spurious, given the number of comparisons 

conducted. That said, increases in performance following poor sleep quality are not unusual. For 

example, in their review on sleep in older adults, Scullin and Bliwise (2015) described four separate 

studies that reported better performance in older adults with poor sleep. They proposed that this 

unexpected relationship may reflect a hyperarousal mechanism, whereby poor sleep leads to 

hyperarousal, which increases an individuals’ effort to perform well. Alternatively, it is possible 

that fewer arousals does not reflect better quality sleep, but rather reflects an increase in sleep need 

as a result of chronic sleep restriction. Previous literature has identified that following sleep 

deprivation/restriction, there is an increase in the proportion of REM and SWS sleep (known as 

REM/SWS rebound; (Beersma, Dijk, Blok, & Everhardus, 1990; Ferrara, De Gennaro, Bertini, 

Gennaro, & Psicologia, 1999). Therefore, it is possible that this unexpected finding between 
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number of arousals and performance is secondary to ongoing sleep restriction resulting in greater 

sleep pressure (i.e. REM/SWS rebound) and a reduction in performance. In children and adults, no 

differences were observed between high and low sleep groups on the NoGo condition. It is possible 

that this inconsistency across groups may reflect developmental differences in the effects of poor 

sleep on inhibition. 

  Despite finding an increase in NoGo performance for adolescents with poor sleep quality, 

no differences were observed on the remaining conditions in the Flanker-Go/NoGo task, nor were 

there any differences in accuracy and reaction time for children and adults. Previous research 

exploring the relationship between sleep and behavioural measures of cognitive control, and 

executive functioning more broadly, have often been inconsistent. In children, adolescents, and 

adults, a mixture of self-report sleep questionnaires, sleep restriction, and sleep deprivation studies 

have been used to assess sleep, with some studies reporting that sleep loss or poor sleep quality 

results in difficulties with different aspects of cognitive control (e.g., Anderson, Storfer-Isser, 

Taylor, Rosen, & Redline, 2009; Nelson et al., 2015; Renn & Cote, 2013; Sadeh, Gruber, & Raviv, 

2003; Tsai, Young, Hsieh, & Lee, 2005) whilst others have reported no relationship (Breimhorst et 

al., 2008; Fallone et al., 2001; Schapkin et al., 2006a; Telzer et al., 2013; Vermeulen et al., 2016). It 

is possible that inconsistencies in behavioural results may reflect compensatory mechanisms. 

Belenky and colleagues (2003) reported that performance stabilised after 7 nights of mild sleep 

restriction in a group of young adults. They proposed that this stabilisation reflected the recruitment 

of additional, non-task specific brain regions to compensate for potential losses in performance. 

Similarly, Beebe and colleagues found a compensatory attention network mechanism in adolescents 

following sleep deprivation that allowed individuals to maintain their performance levels (Beebe, 

DiFrancesco, Tlustos, McNally, & Holland, 2009). Whilst no changes were observed in task-

specific ERPs, it is possible that non-task specific brain regions may be compensating for the 

potential sleep loss effects in the current study, thus resulting in similar performance levels across 
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groups. Alternatively, this discrepancy may reflect individual differences in sleep need and 

resilience to sleep loss (Goel, 2017b; Van Dongen et al., 2004). 

 From an electrophysiological perspective, the results of the current study did not support the 

hypothesis that sleep loss and poor sleep quality result in inefficiencies in frontal lobe functioning. 

Contrary to expectation, we found no reductions in the N2, P3, ERN or Pe. This is inconsistent with 

Chapter 3 and previous literature that has identified changes in these components (Breimhorst et al., 

2008; Renn & Cote, 2013; Schapkin et al., 2006a). This inconsistency may reflect differences in 

sleep measures, with most of the adult sleep literature using sleep deprivation techniques. It is 

possible that this discrepancy reflects the amount of sleep loss required to impact on frontal lobe 

functioning. Alternatively, given that inconsistencies also exist between the limited number of 

naturalistic studies, inconsistencies may reflect differences in how sleep is characterised. In Chapter 

3, participants were divided into high and low sleep duration groups using the NSF guidelines. Due 

to the high proportion of poor sleepers in the current study, it was not possible to use the NSF 

guidelines and instead, a median split was used to characterise good and poor sleepers. Differences 

in how good and poor sleep duration was characterised may have influenced the findings. However, 

further analyses using a subset of poor sleepers (age- and gender- matched to the high sleep 

duration group) indicated the same pattern of results, suggesting that other factors may be 

contributing to the inconsistencies in the literature. Breimhorst and colleagues (2008) characterised 

sleep disturbance by combining multiple measures of sleep quality including WASO, sleep onset 

latency, and sleep stage variables obtained via PSG (e.g., time spent in slow wave sleep and REM 

sleep). It is possible that the time spent in restorative sleep stages (e.g., slow wave sleep and REM 

sleep) or the use of multiple variables to assess sleep quality may provide a more accurate measure 

of sleep quality. That said, a combined approach is not helpful in distinguishing whether there are 

independent effects of sleep duration and sleep quality on cognitive functioning. Nonetheless, future 

research should explore this further by assessing the independent effects of different aspects of 

sleep quality on cognitive control and whether differences exist when combining these variables.  
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 Confounding variables, including the use of stimulants (e.g., caffeine; Goel, Basner, Rao, & 

Dinges, 2013; Tieges, Richard Ridderinkhof, Snel, & Kok, 2004), level of motivation, ambient 

temperature, and circadian phase (Goel et al., 2013), which were not controlled for in the current 

study may also explain the inconsistencies in findings, as these factors have been reported to 

influence the relationship between sleep and cognition. For example, previous research has 

identified that variations in alertness and performance during the day can be due to a number of 

factors including cumulative sleep loss, hours since awakening, and circadian phase (Bermudez et 

al., 2016; Goel et al., 2013; Van Dongen & Dinges, 2000). Circadian phase, which refers to the 

biological clock that modulates sleep and wakefulness, varies between individuals. This variation 

means that arousal levels and alertness fluctuate throughout the day, which may result in some 

individuals being more alert and having enhanced performance in the morning, whilst others 

perform better in the evening (Goel et al., 2013; Van Dongen & Dinges, 2000). One of the 

limitations of the current study is that participants attended testing at a time that was convenient for 

them and their individual circadian rhythm was not controlled for. Therefore, it is possible that 

inter-individual variation in circadian rhythm and the time of day when testing occurred may 

explain the lack of findings in the current study, in addition to the unexpected finding of better 

performance in the adolescent poor sleep quality group. Future research should therefore explore 

the potential impact circadian rhythm has on the relationship between sleep and cognitive control.  

Another potential limitation of the current study, which may have contributed to the lack of 

findings, is the use of actigraphy. Actigraphy was used in the current study as it is a convenient, 

cost-effective, and non-invasive measure of habitual sleep patterns, over an extended period (7 

nights in this thesis). However, it has poor specificity in detecting wakefulness during sleep periods 

and therefore may not provide an accurate reflection of total sleep time and sleep efficiency (Sadeh, 

2011). It is also reported to be less accurate in detecting sleep/wake patterns in participants who 

have a high number of awakenings during sleep in comparison to those with a low number of 

awakenings (Paquet, Kawinska, & Carrier, 2007). Consequently, it is possible that the actigraph has 
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failed accurately to capture total sleep time and sleep disturbance in the current population, which 

may be contributing to our current findings. That said, actigraphy does offer average sleep quality 

and quantity over multiple nights, providing a more reliable estimate of sleep than a single night of 

recording. 

Summary and conclusions 

Contrary to expectation, the results of the current study did not provide support for a 

relationship between sleep and cognitive control.. Due to null results, it is not possible to comment 

on whether the relationship between sleep and cognitive control differs between children, 

adolescents, and adults. That said, the unexpected finding that poor sleep quality is associated with 

better NoGo performance in adolescents does suggest that there may be developmental differences 

in resiliency to sleep loss. However, due to the inconsistencies between the current study and 

previous literature, more research is required to explore whether confounding factors such as 

circadian phase or individual differences in sleep need influences this relationship. Although no 

relationship was observed between sleep and cognitive control, the results of this study highlight the 

need to monitor sleep in young Australians, due to the high proportion of inadequate sleepers in the 

current study.  
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Chapter overview 

 The overall aim of this thesis was to explore the relationship between sleep and cognitive 

control in young Australians. Using a combination of subjective and objective measures of habitual 

sleeping patterns, the studies in this thesis explored whether inadequate sleep was associated with 

electrophysiological and behavioural indices of cognitive control. In addition, considering the 

developmental changes that occur in sleep and the brain, this thesis also aimed to explore if children 

and adolescents were more sensitive to the effects of sleep in comparison to young adults. In this 

final chapter, the main aims and key findings of the three empirical studies will be summarised. 

Each of these findings is then discussed in relation to the literature and potential limitations and 

avenues for future research are also highlighted.  

Thesis summary 

Chapter 2 investigated the relationship between sleep and cognitive control using parent-

reported sleep problems and self-reported daytime sleepiness. Forty-five children aged 6 to 11 years 

completed the Paediatric Daytime Sleepiness Scale (PDSS) and the Flanker-Go/NoGo task, whilst 

parents completed the Sleep Disturbance Scale for Children (SDSC). Results indicated that parent-

reported sleep problems and self-reported daytime sleepiness were not directly associated with 

performance (accuracy or reaction time). However, a significant indirect effect was found for 

daytime sleepiness, indicating that children with higher levels of self-reported daytime sleepiness 

had poorer attention which, in turn, was associated with poorer cognitive control. These findings 

provide support for the vigilance hypothesis, which posits that poor sleep results in difficulties with 

attention and vigilance which, in turn, are associated with poorer executive functioning. 

 Chapter 3 explored whether naturalistic variations in sleep duration and sleep quality were 

associated with behavioural and electrophysiological indices of cognitive control. Sixty 

undergraduate students wore an actigraph for 7 consecutive nights to provide an objective measure 

of sleep duration and sleep quality (number of awakenings and sleep efficiency) before completing 

a hybrid Flanker-Go/NoGo task. Using the National Sleep Foundation guidelines participants were 
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assigned to high or low sleep quality and short or long sleep duration groups. Contrary to 

expectation, sleep quality and sleep duration were not significantly associated with poorer 

performance or with changes in the N2, P3, or error positivity (Pe) during the Flanker-Go/NoGo 

task. However, results did indicate that individuals who, on average, slept fewer than 7 hours each 

night were less efficient in error-monitoring than those who slept between 7 and 9 hours per night. 

This was reflected by a reduction in amplitude of the error-related negativity (ERN). These findings 

suggest that natural variations in sleep quantity are associated with atypical error detection.  

Chapter 4 explored whether natural variations in sleep patterns were associated with 

behavioural and electrophysiological measures of cognitive control, and whether this relationship 

differed between children, adolescents, and adults. A total of 58 adults and 108 children and 

adolescents (aged 6 to 17 years old) participated in this study. Sleep was objectively assessed using 

actigraphy and participants were asked to complete a self-report measure of daytime sleepiness. 

Cognitive control was assessed using a hybrid Flanker-Go/NoGo task, with results indicating that, 

as expected, electrophysiological and behavioural indices of cognitive control develop with age. 

Improvements were noted in performance between children and adults, and changes were observed 

in amplitude and latency for ERPs associated with cognitive control. In addition, changes in sleep 

were observed across development, with adults exhibiting shorter sleep durations, on average, in 

comparison to children and adolescents. However, contrary to expectation, inadequate sleep was not 

associated with poorer performance during the cognitive control task, nor were any differences 

found in electrophysiological indices of cognitive control.  

The findings in this thesis have contributed to four main areas: 1) provided tentative 

evidence for the relationship between natural variations in sleeping patterns and 

electrophysiological and behavioural indices of cognitive control in children, adolescents, and 

young adults; 2) provided insight into potential, developmental differences in the relationship 

between sleep and cognition; 3) highlighted that a high proportion of young Australians have 
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suboptimal levels of sleep duration; and 4) provided additional evidence for the development of 

cognitive control across childhood and adolescence.  

The relationship between sleep and cognitive control 

Results from previous studies have identified that sleep deprivation is associated with 

impairments in error detection and evaluation, motor inhibition, and stimulus processing, whilst 

greater sleep fragmentation is associated with poorer inhibition and error evaluation. Consistent 

with sleep deprivation studies (Hsieh, Cheng, & Tsai, 2007; Renn & Cote, 2013; Tsai, Young, 

Hsieh, & Lee, 2005), this thesis also found that inadequate sleep duration can be associated with 

inefficiencies in error detection in adults. Chapter 3 results indicated that young adults who slept 

less than 7 hours per night, as measured objectively using actigraphy, exhibited significantly 

smaller ERN amplitudes than those who slept more than 7 hours. These findings potentially extend 

our understanding of the consequences of poor sleep by demonstrating that habitual, inadequate 

sleep can produce a similar pattern of results to those seen sleep deprivation studies. It is important 

to note, however, that the finding of a smaller ERN in the low sleep duration group may be 

spurious. If alpha were adjusted for multiple comparisons, the difference between groups would no 

longer reach statistical significance. The failure to replicate these findings in Chapter 4 also 

supports the idea that this may reflect a Type 1 error. That said, several studies have highlighted the 

effects of sleep loss on ERN amplitude, suggesting that a relationship does, in fact, exist. If 

replicated, this finding has important implications, as it highlights that sufficient sleep is needed for 

efficient error monitoring, which plays an important role in preventing accidents, regulating 

behaviour, and helping individuals learn from mistakes. This finding also provides additional 

evidence for the recommendations made by the National Sleep Foundation Guidelines by 

highlighting meaningful differences in brain functioning between those who sleep longer than 7 

hours (recommended) in comparison to those who sleep fewer than 7 hours (not recommended).  

Contrary to expectation, inadequate sleep duration and sleep quality were not significantly 

associated with electrophysiological changes in error evaluation, motor inhibition, or stimulus 
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processing. This is inconsistent with the experimental sleep literature, which has identified 

reductions in Pe, N2, and P3 amplitude, as well as delayed P3 latencies after one night of total sleep 

deprivation and following a sleep fragmentation protocol (e.g., Ko, Fang, Tsai, & Hsieh, 2015; 

Schapkin, Falkenstein, Marks, & Griefahn, 2006; Tsai et al., 2005). Furthermore, inadequate sleep 

duration and sleep quality were not significantly associated with poorer performance on the 

cognitive control task. The discrepancy in findings between the current thesis and previous 

literature may reflect the degree of sleep loss to which participants were exposed. Whilst 

individuals reported in the current thesis slept less than the recommended amount, the degree of 

sleep loss could be considered mild in comparison to sleep deprivation and sleep fragmentation 

paradigms. Therefore, it is possible that error detection mechanisms are more sensitive to mild sleep 

loss, and that a greater degree of sleep loss is required before changes are seen in other indices of 

cognitive control. A small number of studies have explored the dose-response relationship of sleep 

restriction on daytime functioning in adults. Whilst these studies have highlighted that mild sleep 

loss (e.g., 6 - 7 hours per night) can lead to reduced performance on a range of cognitive tasks (e.g., 

Belenky et al., 2003; Van Dongen, Maislin, Mullington, & Dinges, 2003; also see Banks, Dorrian, 

Basner, & Dinges, 2017; Goel, Rao, Durmer, & Dinges, 2009 for review), they also suggest that the 

brain may have the capacity to adapt to chronic mild sleep restriction. For example, Belenky and 

colleagues (2003) explored differences in performance on a psychomotor vigilance task (PVT) in 

participants following 7 nights of sleep restriction of either 7, 5, or 3 hours sleep. They reported that 

response speed initially declined in the 7- and 5-hour groups but stabilized at reduced levels. Whilst 

a decline was noted in the 7-hour group they did not differ significantly in response speed or 

attentional lapses from the control (9 hour) group during the experimental phase. They proposed 

that this stabilisation of performance reflected the recruitment of additional, non-task specific brain 

regions to compensate for potential losses in performance. Similarly, Beebe and colleagues found a 

compensatory attention network mechanism in adolescents following sleep deprivation that allowed 

individuals to maintain their performance levels (Beebe, DiFrancesco, Tlustos, McNally, & 
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Holland, 2009). Therefore, it is possible that the null findings in the current thesis may reflect the 

brain’s ability to compensate for mild sleep loss and that greater degrees of sleep loss are required 

before effects are seen. Whilst no changes were observed in task-specific ERPs, it is possible that 

non-task specific brain regions may be compensating for the potential sleep loss effects in the 

current study, thus resulting in similar performance and ERPs between groups. More research is 

needed to determine the degree/nature of sleep disturbance that is required to influence these 

factors. 

Night-to-night variations in sleeping patterns may also account for inconsistencies in 

findings. Previous research has highlighted that sleep duration and sleep quality can vary from 

night-to-night, particularly in adolescents who display significant differences in sleep duration 

between weekdays and weekends. This difference often occurs due to a discrepancy between their 

natural circadian rhythm and commitments during the week (e.g., school) that require early wake up 

times. As a result, sleep duration during the week is reduced and adolescents use weekends to 

“catch up” on sleep loss (Bryant & Gómez, 2015). Exploring night-to-night variability in sleep 

duration and quality was not a primary hypothesis in this thesis but it would be interesting to 

explore in the future, as there is emerging research that irregular sleeping patterns may also impact 

on brain functioning and cognition. For example, Telzer and colleagues reported that adolescents 

who had increased variability in sleep duration had lower white matter integrity one year later, 

suggesting that variability in sleep may result in long-term brain impairments (Telzer, Goldenberg, 

Fuligni, Lieberman, & Gálvan, 2015). In addition, in a recent systematic review, Becker and 

colleagues reported that increases in sleep variability were associated with poorer perceptual 

organization and verbal comprehension, as well as increases in risky behaviours in children and 

adolescents (Becker, Sidol, Van Dyk, Epstein, & Beebe, 2017). In adults, greater variability in sleep 

patterns are associated with increases in stress, mental health symptoms (e.g., depressive 

symptoms), and physical health conditions. Only a small number of studies have explored the 

relationship between sleep variability and cognitive functioning, with these studies producing mixed 
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results (for review see Bei, Wiley, Trinder, & Manber, 2016). Considering the potential impact that 

night-to-night variability can have on brain functioning and cognition, future research may benefit 

from exploring the role of sleep variability on cognitive control by measuring variability across 

nights. This could be measured by calculating the individual standard deviation or the coefficient of 

variation.  

 Alternatively, it is possible that sleep is not directly related to cognitive control processes. 

As outlined in Chapter 1, Lim and Dinges (2008) proposed that sleep loss does not directly impact 

on higher-order cognitive functioning. Instead, they suggested that sleep loss primarily impacts on 

vigilance, or sustained attention, which in turn results in the broad cognitive deficits typically seen 

following sleep loss. Considering this theory, it is possible that the inconsistent findings in the 

current thesis may reflect an indirect relationship between sleep and cognitive control via attention. 

Using a measure of daytime sleepiness, Chapter 2 provided tentative evidence for this hypothesis. 

Findings indicated that daytime sleepiness was not directly associated with performance but, rather, 

an indirect effect was present, whereby higher levels of daytime sleepiness were associated with 

poorer attention, which in turn was associated with poorer cognitive control. In addition, meta-

analytic studies have highlighted that simple attention (i.e., sustained attention) is one of the 

cognitive domains that is most strongly affected by sleep deprivation (Lim & Dinges, 2010; 

Olaithe, Bucks, Hillman, & Eastwood, 2018). Although a relationship was observed between sleep 

duration and ERN amplitude, which supports the frontal lobe hypothesis (i.e., that sleep loss 

selectively impacts on frontal lobe functioning; Harrison & Horne, 2000) as opposed to the 

vigilance hypothesis, it is also possible that this was driven by attentional difficulties. Previous 

research has highlighted that children and adults with attention-deficit hyperactivity disorder, a 

neurodevelopmental disorder that affects attention, have reduced ERN amplitudes (e.g., Albrecht et 

al., 2008; Herrmann et al., 2010; Liotti, Pliszka, Perez, Kothmann, & Woldorff, 2005; van Meel, 

Heslenfeld, Oosterlaan, & Sergeant, 2007). Therefore, it is possible that sleep loss impacts on 

attentional processes, which in turn impact on ERN amplitudes. Alternatively, it is possible that the 
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mixed evidence for the relationship between sleep, attention, and executive functioning suggests 

that the three models describing the relationship between sleep and cognition are not mutually 

exclusive and may overlap.  

Although a relationship between sleep and attention was highlighted in Chapter 2, high and 

low sleep groups in Chapters 3 and 4 did not exhibit differences in attention (i.e., performance on 

the congruent condition of the Flanker-Go/NoGo task). It is possible that a failure to find a 

relationship between sleep and attention may be due to the methods used to assess attention. In 

Chapter 2, the baseline (congruent) condition of the Flanker-Go/NoGo task was used as a measure 

of attention. Although previous research has suggested that this indexes basic attention or 

concentration, it is not a well validated measure of sustained attention/vigilance. Future studies 

would benefit from using a reliable, validated measure of sustained attention/vigilance to replicate 

these findings. Assessing the neural activity of brain regions associated with attention during 

cognitive control tasks may also help to understand this relationship. Future studies may benefit 

from using fMRI to explore this or, alternatively, ERPs associated with attentional processes (e.g., 

N1, P2), which have been reported to be impaired following sleep deprivation (Krull, Smith, Sinha, 

& Parsons, 1993; Szelenberger, Piotrowski, & Da̧browska, 2005; Trujillo, Kornguth, & Schnyer, 

2009). Exploring the relationship between sleep and the N1 and P2 was beyond the scope of the 

current thesis but exploring these components in future studies may help to shed light on the 

relationship between sleep, attention, and cognitive control.  

Whilst this thesis highlights that inadequate sleep and daytime sleepiness can be associated 

with cognitive control, these findings were not consistent across the three experimental chapters. It 

is possible that the inconsistencies between chapters reflect methodological and/or statistical 

differences. Chapter 2 used self-report daytime sleepiness and parent-reported sleep problems, 

whilst Chapter 3 used actigraphy to objectively measure sleep, and Chapter 4 used both actigraphy 

and self-report measures of daytime sleepiness. Furthermore, statistical approaches differed; a 

mediation model was used in Chapter 2 to assess the association between sleepiness and cognitive 
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control, whilst group differences in sleepiness were assessed in Chapter 4. To explore if differences 

were due to statistical analyses, post hoc analyses were conducted on a subset of children (those 

aged 6 - 11 years) from Chapter 4 using the statistical analysis approach discussed in Chapter 2. 

Contrary to expectation, the findings from Chapter 2 were not replicated; there was no indirect 

effect between daytime sleepiness and cognitive control via attention, nor was there a direct effect 

between daytime sleepiness and attention. Furthermore, whilst a similar methodological and 

statistical approach was used in Chapters 3 and 4, the finding that sleep duration was associated 

with ERN amplitude was not replicated. Therefore, it is possible that inconsistencies may reflect the 

presence of confounding variables.  

As mentioned in Chapter 1, sleep is regulated by two processes: homeostasis and circadian 

rhythm. The homeostatic process reflects sleep drive, or the pressure to sleep. With increasing hours 

of wakefulness, this pressure will increase, and sleep is triggered once it reaches a certain threshold. 

In addition to hours of wakefulness, sleep drive is also influence by sleep deprivation or chronic 

sleep loss (Durmer & Dinges, 2005; Goel, Basner, Rao, & Dinges, 2013). The primary goal of this 

thesis was to explore chronic sleep loss. However, it is possible that length of time awake may have 

also influenced the results. Previous research has identified that extended wakefulness can 

adversely affect performance and ERPs. For example, Murphy and colleagues reported reduced Pe 

amplitudes after 20 hours of extended wakefulness (Murphy, Richard, Masaki, & Segalowitz, 

2006), whilst other studies have reported reduced accuracy and slower performance on a range of 

cognitive tasks with increasing time awake (e.g., Bermudez et al., 2016; Pomplun et al., 2012; Van 

Dongen & Dinges, 2000). 

Furthermore, circadian rhythm, itself, influences performance. Circadian rhythm refers to an 

individual’s biological clock that modulates sleep and wakefulness, as well as arousal levels during 

the day (Goel et al., 2013; Van Dongen & Dinges, 2000). Previous research has identified inter-

individual variation in circadian rhythm, with some individuals being more alert and having 

enhanced performance in the morning (i.e., “morning lark”), whilst others perform better in the 



172 

evening (i.e., “night owl”; Goel et al., 2013; Van Dongen & Dinges, 2000). It is possible that inter-

individual differences in circadian rhythm may explain the inconsistencies in findings in this thesis. 

Adults and adolescents were able to select testing times that were convenient for them, meaning that 

they may have chosen to participate at their best time from a circadian point of view. There is also 

research to suggest that the best predictor of performance is the combination of circadian phase, 

hours since awakening, and cumulative sleep loss (Bermudez et al., 2016). Therefore, a potential 

avenue for future research is to assess all three variables, as done in Bermudez et al. (2016), when 

exploring the relationship between sleep loss and cognitive control.  

There is emerging research in the sleep field that inconsistencies in the literature may be due 

to individual differences in susceptibility to sleep loss. In 2004, Van Dongen and colleagues found 

support for this theory by depriving adults of sleep for 36 hours over three separate occasions. Their 

results indicated that the impact of sleep deprivation varied significantly among individuals, but that 

impairment was relatively stable within individuals, suggesting the presence of a trait-like 

vulnerability to sleep loss (Van Dongen, Baynard, Maislin, & Dinges, 2004). The underlying reason 

for individual differences in vulnerability to sleep loss are not well understood. There may be a 

genetic component, with twin studies highlighting that the impact of total sleep deprivation on 

performance during a PVT task is highly heritable (Kuna et al., 2012). The candidate gene approach 

has also been used to identify biomarkers related to individual differences in sleep need, sleep 

architecture, circadian rhythm, and resilience to sleep loss (for review see Goel, 2017a, 2017b). 

Whilst further research is needed to identify the set of biomarkers that predict individual responses 

to sleep loss, the research to date certainly provides evidence for individual differences in resiliency 

to sleep loss, which may account for the inconsistencies in findings.  

Another factor which may also influence an individual’s susceptibility to sleep loss is 

gender (for review see Alhola & Polo-Kantola, 2007). Corsi-Cabrera, Arce, Del Río-Portilla, Pérez-

Garci, and Guevara (1999) reported that the effects of sleep deprivation were milder in women than 

in men. They reported that following 38 hours of sleep deprivation men displayed slower reaction 
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times on a psychomotor vigilance task in comparison to women, whilst Blatter et al. (2006) noted 

that women made fewer premature key presses during a psychomotor vigilance task than men after 

40 hours of sleep deprivation. In addition to differences in susceptibility to sleep loss, previous 

research has highlighted gender differences in sleep duration and sleep quality when measured with 

PSG and Actigraphy (e.g. Manber & Armitage, 1999; Reyner, Horne, & Reyner, 1995; Short, 

Gradisar, Lack, Wright, & Carskadon, 2012). In the current thesis, gender was added as a covariate 

to all analysis in order to control for potential gender differences, however, there was an insufficient 

sample size to explore potential gender differences in the relationship between sleep and cognitive 

control. In light of the emerging research that gender may influence an individual’s susceptibility to 

sleep loss, future research should explore potential gender differences in the relationship between 

sleep and cognition.  

Previous research has also highlighted that higher levels of mood symptoms are related to 

changes in performance and ERPs. For example, individuals with higher depressive symptoms 

exhibit performance monitoring anomalies, including poorer post-error adjustment behaviours 

(Holmes & Pizzagalli, 2007; Schroder, Moran, Infantolino, & Moser, 2013), increases in ERN 

amplitude (Hajcak, McDonald, & Simons, 2004; Luu, Collins, & Tucker, 2000; for review also see 

Olvet & Hajcak, 2008), and decreases in Pe amplitude (Hajcak et al., 2004; Schroder et al., 2013). 

A relationship between sleep and mood has also been identified, with poorer sleep being associated 

with an increase in depressive symptoms (Alfano, Zakem, Costa, Taylor, & Weems, 2009; Kahn-

Greene, Killgore, Kamimori, Balkin, & Killgore, 2007; Short & Louca, 2015). It is possible that 

depressive symptoms may have influenced the results of the current thesis. In particular, given that 

sleep deprivation and depressive symptoms influence ERN amplitudes in opposing ways, it is 

possible that they cancel each other out, thus producing no changes in ERN amplitude as seen in 

Chapter 4. Alternatively, mood may moderate the relationship between sleep and performance. In 

their study, Yu and colleagues (2016) found that depressive symptoms moderated the relationship 

between sleep quality and cognitive functioning in older adults. They reported that sleep quality 
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was associated with cognitive abilities in individuals with low levels of depressive symptoms, 

whilst no relationship was found between sleep quality and cognitive abilities in individuals with 

high levels of depressive symptoms (Yu et al., 2016). Taken together, these studies suggest that 

mood, in particular depressive symptoms, may play an important role in the relationship between 

sleep and cognition. Future studies may benefit from incorporating a self-report measure of mood to 

explore this further.  

 Another potential confounding variable is caffeine. Caffeine is a widely-consumed, mild 

stimulant that can have positive effects on performance, including improvements in reaction time 

and accuracy on tasks assessing attention (e.g., Brunyé, Mahoney, Lieberman, Giles, & Taylor, 

2010; Einöther & Giesbrecht, 2013) and executive functioning (Brunyé et al., 2010; Koppelstaetter 

et al., 2008; Soar, Chapman, Lavan, Jansari, & Turner, 2016; for review also see McLellan, 

Caldwell, & Lieberman, 2016). Caffeine has also been shown to improve performance monitoring, 

with larger ERN amplitudes observed in participants who had consumed caffeine relative to those 

who had been given a placebo. In the sleep deprivation literature, caffeine has also been shown to 

mitigate the effects of sleep loss, with caffeine consumption resulting in improvements in 

performance on a range of cognitive tasks (e.g., Killgore, Kahn-Greene, Grugle, Killgore, & Balkin, 

2009; Killgore, Kamimori, & Balkin, 2014; Penetar et al., 1993; Wesensten et al., 2002). To date, 

research that has explored the relationship between sleep and cognitive control in adults has 

assessed sleep in a laboratory setting. In such studies, participants are asked to avoid caffeine prior 

to and during the experiment (e.g., Hsieh et al., 2007; Tsai et al., 2005). Therefore, it is possible that 

inconsistencies in findings between this thesis and previous literature may be due to caffeine, as 

participants in this thesis were not requested to avoid caffeine consumption during the experiment. 

Future research may benefit from controlling for the effects of caffeine by requesting that 

participants avoid caffeine prior to testing or through recording the amount and time of caffeine 

consumption for each participant.  
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On the other hand, the failure to consistently find a relationship between sleep and cognitive 

control may be due to how sleep was assessed. In the current thesis, questionnaires and actigraphy 

were used to measure sleep duration, sleep quality, and daytime sleepiness. Whilst these methods 

were used as they are convenient, cost-effective, and non-invasive, they are not the most reliable 

measure of sleep and daytime sleepiness. Actigraphy has poor specificity in detecting wakefulness 

during sleep periods and therefore may not provide an accurate reflection of total sleep time and 

sleep efficiency in comparison to PSG. In addition, self-report questionnaires have often been 

shown to have weak and inconsistent associations with objectively measured sleep (Buysse et al., 

2008; Erwin & Bashore, 2017; Kendzerska, Smith, Brignardello-Petersen, Leung, & Tomlinson, 

2014; Spruyt & Gozal, 2011), whilst parent-report questionnaires often fail to accurately capture 

sleep problems in children, as parents may not be directly observing their child’s sleep (McDowall, 

Galland, Campbell, & Elder, 2017). As a result, it is possible that the sleep measures used in the 

current study do not accurately capture individual sleep patterns and levels of daytime sleepiness. 

Questionnaires also fail to capture night-to-night variations in sleep, with many questionnaires 

asking participants to rate sleeping patterns over an extended period. This is a particular issue for 

assessing daytime sleepiness, as alertness and fatigue levels have been shown to fluctuate 

throughout the day based on the circadian regulating system (Goel et al., 2013). Whilst the ESS and 

PDSS allowed us to assess chronic daytime sleepiness, they do not account for potential 

fluctuations on the day of testing, which may have influenced performance. Therefore, future 

studies would benefit from incorporating a measure that assesses daytime sleepiness/alertness at the 

time of completing cognitive tasks (e.g., the Stanford Sleepiness Scale; Hoddes, Zarcone, Smythe, 

Phillips, & Dement, 1973).  

Another limitation of the sleep measures used in the current thesis is that they are 

observational. As a result, it was not possible to draw conclusions regarding causality or control for 

inter-individual differences in sleep need and cognitive performance. Given the emerging research 

that sleep needs may vary between individuals, it is possible that 7 hours sleep may be sufficient for 
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one participant but represent substantial sleep loss for a person who typically needs 9 hours sleep. 

Inter-individual differences in cognitive performance may also affect the results of an observational 

study. For example, whilst an individual may experience a decline in performance after chronic 

inadequate sleep, their best performance following this period of sleep loss may remain superior to 

an individual who receives optimal sleep (Durmer & Dinges, 2005). Future research may benefit 

from manipulating sleep duration and comparing changes in cognitive performance pre and post 

sleep loss to account for this variation. 

Another potential confounding factor is cognitive reserve. Cognitive reserve theory suggests 

that an individual’s premorbid cognitive ability (i.e. level of education and intelligence) may 

influence the degree to which environmental factors, such as sleep disturbance, impact on the brain 

(Stern, 2002; Zimmerman, Bigal, Katz, Brickman, & Lipton, 2012). In the sleep literature, there is 

emerging evidence that individuals with lower premorbid cognitive abilities (i.e. lower cognitive 

reserve) may be more vulnerable to the effects of sleep loss than those with higher premorbid 

cognitive abilities (Alchanatis et al., 2005; Zimmerman et al., 2012). It is theorised that this is 

because individuals with greater cognitive reserve have a greater capacity to compensate for any 

negative effects associated with sleep loss (Zimmerman et al., 2012). Participants in the current 

thesis generally had IQs in the average to high average range. In addition, children and adolescents 

were predominately of high socioeconomic status and adults were recruited from universities. 

Therefore, given IQ, socioeconomic status, and education are linked to cognitive reserve (Stern, 

2002) it is possible that the participants used in the current thesis may have been less cognitively 

vulnerable to inadequate sleep by having a greater capacity to compensate for any negative effects. 

Due to limited variability in IQ in the current thesis, it was not possible to explore the impact of 

cognitive reserve on the relationship between sleep and cognitive control. Future research may 

benefit from exploring whether individuals with lower IQs are more vulnerable to the effects of 

sleep loss.  
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One potential limitation of the current thesis, that may have contributed to the lack of 

findings, is the sample size that was used. That said, Breimhorst and colleagues (2008), who 

reported a large effect size between groups, used a smaller sample size than the current study. 

Consequently, the sample size used in each empirical chapter should have been large enough to 

detect potential effects. Nonetheless, future research would benefit from using a larger sample size, 

particularly if recruitment targeted individuals with greater variability in sleeping patterns. This 

would allow researchers to explore the degree of sleep loss required before changes in cognitive 

control are found.  

The role of development 

The second aim of this thesis was to explore the effects of development on the relationship 

between sleep and cognitive control. Due to developmental changes that occur in sleep and the 

brain, it was predicted that children and adolescents would be more vulnerable to the effects of 

sleep loss than young adults. Collectively, the results from the three experimental chapters do not 

provide support for this hypothesis. However, the findings suggest that there may be developmental 

differences in which aspects of cognition are affected. As mentioned previously, Chapter 2 findings 

suggested that daytime sleepiness was associated with performance on cognitive control measures 

via attention. On the other hand, Chapter 3 provided support for a direct relationship between 

objectively-recorded sleep and cognitive control, with shorter sleep duration being associated with 

reduced ERN amplitudes. Interpreted collectively, these results suggest that daytime sleepiness is 

associated with attention processes in children, whilst sleep duration is associated with frontal lobe 

functioning in adults, as reflected by changes in the ERN amplitude.  

These differences may reflect changes in brain development and sleep architecture. As 

outlined in Chapter 1, the human brain undergoes considerable development across childhood and 

adolescence. Development typically occurs in a ‘back to front’ pattern, with primary sensorimotor 

areas developing first, followed by temporal and parietal association cortices (i.e., those involved in 

basic language skills and attention), and lastly, higher-order association areas (e.g., the prefrontal 
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cortex), which do not reach maturity until early adulthood (Casey, Giedd, & Thomas, 2000; Casey, 

Tottenham, Liston, & Durston, 2005; Gogtay et al., 2004). In conjunction with brain maturation, 

sleeping patterns also undergo a number of changes. For example, the neural distribution of slow 

wave activity (i.e., delta activity) that occurs during slow wave sleep changes across development. 

In childhood, slow wave activity is more diffuse and is dominant in posterior brain regions. During 

adolescence, the distribution changes and slow wave activity gradually moves anteriorly before 

becoming frontally distributed by 17 years of age (Feinberg, de Bie, Davis, & Campbell, 2011). As 

mentioned previously, slow wave activity is proposed to be important for cortical recovery and is 

reported to be more concentrated within the prefrontal cortex during sleep in adults. Harrison and 

Horne (2000) proposed that the prefrontal cortex is, therefore, one of the first brain regions to be 

impaired following sleep deprivation. Considering this hypothesis and the changes in distribution of 

slow wave activity across childhood and adolescence, it is possible that sleep loss preferentially 

impacts different neural regions, and consequently different cognitive domains are affected. 

Certainly, the results of Chapters 2 and 3, as well as recent meta-analyses (Astill, Van der Heijden, 

Van IJzendoorn, & Van Someren, 2012; Lim & Dinges, 2010) do suggest differences in the 

cognitive domains affected by sleep loss. However, these results must be interpreted with caution as 

sleep stages were not assessed in the current study. To explore this further, future studies should 

explore the distribution of slow wave activity within the brain and whether sleep loss affects 

different brain regions as a result of changes in slow wave distribution.  

Differences in methodology may also explain the inconsistency in findings. As already 

discussed, self-reported sleepiness was assessed in Chapter 2, whilst sleep was measured 

objectively in Chapter 3. Previous research has highlighted the importance of evaluating sleep using 

a multifaceted approach, with sleep duration, sleep quality, and daytime sleepiness reported to have 

independent effects on cognition (Dewald, Meijer, Oort, Kerkhof, & Bögels, 2010). Therefore, the 

differences in findings between Chapters 2 and 3 may reflect how sleep was assessed, rather than 

developmental differences. Chapter 4 aimed to explore these differences further by using the same 
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methodology and statistical approach across children, adolescents, and young adults. Contrary to 

expectation, inadequate sleep and increased levels of daytime sleepiness were not significantly 

associated with poorer performance or changes in electrophysiological indices of cognitive control. 

Therefore, it was not possible to draw further conclusions on the impact of development on the 

relationship between sleep and cognitive control. Nonetheless, these findings in combination with 

previous studies highlight the need for future studies to assess sleep using a multifaceted approach 

to account for potential differences in the effects of sleep duration, sleep quality, and daytime 

sleepiness.  

Inadequate sleep duration 

In 2015, the National Sleep Foundation released age-specific sleep duration 

recommendations for healthy individuals. For young adults, they recommended 7 - 9 hours of sleep 

each night, whilst 8 - 10 hours and 9 - 11 hours were recommended for adolescents (14 - 17 years 

old) and school aged children (6 - 13 years old) respectively (Hirshkowitz et al., 2015). The sleep 

patterns observed in Chapters 3 and 4 indicated that a high proportion of participants were not 

receiving sufficient sleep. In Chapter 2, parent-reported sleep problems were used, meaning that it 

was not possible to evaluate the proportion of insufficient sleepers in this study. In Chapter 3, 

70.37% of young adults received, on average, fewer than 7 hours of sleep each night, whilst in 

Chapter 4, 78.9% of young adults, 87.2% of adolescents, and 75.4% of children slept less than the 

recommended amount. These results are comparable to other Australian studies that have reported 

that a high proportion of children, adolescents, and adults experience insufficient sleep (Adams et 

al., 2017; Dollman, Ridley, Olds, & Lowe, 2007; Tremaine, Dorrian, & Blunden, 2010; Warner, 

2006). Previous research has highlighted several causes of insufficient sleep including: electronic 

media use in the evening (e.g., phones, television, computer), excessive caffeine consumption, 

substance (e.g., alcohol) and medication use, chronic medical and mental illness, extracurricular 

activities, and employment that occurs in the evening (for review see Bartel et al., 2016; Millman, 

2005; Mindell & Owens, 2015; Owens, 2014). School start times can also play a role in disrupting 
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sleep, particularly in adolescents (Millman, 2005; Owens, 2014). As mentioned previously, the 

sleep/wake cycle shifts in adolescents, which results in later natural bedtimes and waketimes. 

However, school start times do not change with this shift, meaning that adolescents may go to bed 

later but still need to rise early for school (Millman, 2005; Owens, 2014). The causes of poor sleep 

in the current sample was not explored. However, in light of the high proportion of poor sleepers 

and the potential effects that poor sleep can have, these findings highlight the need to implement 

interventions within these populations to ensure that they receive sufficient sleep.  

Cognitive control development 

The developmental literature on cognitive control has highlighted that, with increasing age, 

there are improvements in performance as well as changes in ERPs that are associated with 

cognitive control. Consistent with previous research in this area (e.g., Davies, Segalowitz, & Gavin, 

2004a, 2004b; Hämmerer, Li, Müller, & Lindenberger, 2010; Johnstone, Pleffer, Barry, Clarke, & 

Smith, 2005; Jonkman, Lansbergen, & Stauder, 2003; Ladouceur, Dahl, & Carter, 2007; Lamm, 

Zelazo, & Lewis, 2006; Lewis, Lamm, Segalowitz, & Stieben, 2006), the results from this thesis 

highlight that adults perform significantly better than children during a hybrid Flanker-Go/NoGo 

task. Adults also demonstrated significantly larger ERN amplitudes than children, whilst N2, P3, 

and Pe amplitudes, as well as N2 and P3 latencies, decreased between children and adults. Previous 

literature exploring developmental changes in ERPs has proposed that both increases and decreases 

in amplitude reflect maturational processes. These studies have suggested that increases in 

amplitude reflect the maturation of the underlying brain region, whilst decreases in amplitude 

reflect increases in the efficient recruitment of appropriate brain regions, as well as a reduction in 

cognitive demands during the task (Brydges, Anderson, Reid, & Fox, 2013; Crone & Steinbeis, 

2017; Lamm et al., 2006). Furthermore, reduced latencies may reflect improved conductivity and 

efficiency within the brain due to axon myelination (Brydges et al., 2013; Lamm et al., 2006). The 

results of the current thesis provide support for previous literature by demonstrating that cognitive 

control develops between childhood and adulthood. Exploring the age that these developmental 
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processes begin and finish was beyond the scope of the current thesis. To further understand when 

these processes develop, future research would benefit from exploring developmental changes at 

more precise age points by recruiting larger sample sizes of each age across the developmental 

period.  

Conclusion 

This thesis contributes to our understanding of the relationship between sleep and cognitive 

control. Using electrophysiological and behavioural indices of cognitive control, findings 

highlighted that daytime sleepiness and sleep duration can be associated with poorer performance 

and inefficiencies in error monitoring processes. However, inconsistencies in previous research and 

in the current findings suggest that other factors may play a role in the effects that sleep loss has on 

daytime functioning. Future research should therefore employ a multifaceted approach when 

assessing sleep to explore the independent effects that sleep duration, sleep quality, and daytime 

sleepiness have on cognition. Additionally, studies should explore the potential impact of night-to-

night variability, inter-individual differences in sleep need, and confounding factors (e.g., circadian 

rhythm) on this relationship. The role of development was also explored in this thesis. Consistent 

with previous literature, cognitive control and sleep changed with age. Findings also suggest that 

the relationship between sleep and cognitive control may differ as a function of development. 

However, due to methodological differences between studies, future research is needed to further 

understand this relationship. Lastly, the finding that a high proportion of children, adolescents, and 

young adults did not receive sufficient sleep emphasises the need to address this wide spread issue 

and implement interventions to ensure that young Australians are receiving adequate sleep, which is 

crucial for optimal daytime functioning.  
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