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Abstract 

The current study aimed to investigate emotion processing after a single night of sleep 

restriction, and to investigate hormones and menstrual phase as predictors of vulnerability 

to sleep loss. Participants were randomly assigned to a control group in bed 11pm-7am 

(12 men, 12 follicular women (day 8-14 of cycle), 12 luteal women (day 15-26), 1 active 

woman) or sleep restriction group in bed 3-7am (13 men, 13 follicular women, 10 luteal 

women, 1 active woman). Saliva samples were obtained at 10:30 pm (baseline), 7 am, 

7:30 am, 4:00 pm, and 4:30 pm to measure the concentration of cortisol, testosterone in 

men, and estradiol and progesterone in women. N170 and LPP event-related potentials 

were recorded during emotional face categorization and image categorization tasks 

respectively. Sleep-restricted participants were less accurate identifying sad facial 

expressions, and displayed a larger N170 amplitude to sad faces compared to other 

emotional faces. On the image task, participants had a larger LPP amplitude to positive 

images compared to neutral, reflecting a positivity bias in attention. Women in the luteal 

phase displayed more vulnerability to the effects of sleep loss on the image task, 

supported with multiple relationships with progesterone and poor accuracy in this group. 

Progesterone may contribute to individual differences in the effects of sleep loss in 

women. Morning testosterone and cortisol in men, and cortisol in luteal women, were 

also affected by sleep restriction. Correlations between hormone concentrations and 

emotion variables support that hormones play a role in emotional processing changes due 

to sleep loss. Specifically, testosterone and progesterone were associated with sad face 

accuracy in the sleep restriction group, and cortisol was related to threat processing. 

Together, the findings of this study indicate that one night of sleep restriction is sufficient 

to affect emotional processing and the release of hormones. Moreover, menstrual phase 
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played a role in vulnerability to sleep loss. These findings have important implications for 

understanding the functional role of sleep and hormones in emotion processing. 

Key words: sleep restriction, emotion processing, cortisol, testosterone, progesterone, 

estradiol 
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The Role of Sleep and Hormones in Processing Emotional Information 

 In a society filled with overnight shiftwork and busy occupational schedules, 

sleep is a biological need that frequently remains unsatisfied. Sleep deprivation and 

chronic sleep restriction have become highly prevalent in today’s society.  According to a 

National Sleep Foundation survey (2012), 41% of surveyed individuals were not meeting 

their self-reported requirements for sleep during the work week. Lack of sleep has 

consequences; sleep deprivation has long been known to have detrimental effects on 

alertness, mood, and cognitive performance (e.g., McCoy & Strecker, 2011 for review). 

One goal of current research is to elucidate the nature of such deficits by identifying 

specific brain mechanisms associated with behaviour. The focus of the current thesis was 

to investigate the role of sleep and hormones in processing emotional information in an 

experimental study of sleep restriction. Specifically, the current thesis aimed to determine 

if hormone concentrations are associated with vulnerability to a subtle degree of sleep 

restriction. 

Sleep Deprivation and Performance 

The effect of sleep deprivation on general cognitive performance is not a new area 

of research. The first human study of sleep deprivation was conducted in 1896; it 

included exploratory testing of three men who had been deprived for 90 hours. Results 

indicated changes in reaction time, attention, memory and physiological variables such as 

weight (Patrick & Gilbert, 1896). Throughout the following century of study, sleep 

deprivation has been shown to reliably affect many areas of cognition, including reaction 

time, working memory, error monitoring, logical reasoning, psychomotor vigilance, and 

inhibition (Thomas et al., 2000; Chee, Venkatraman, Chan, Philip, & Dinges, 2005; Tsai, 
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Young, Hsieh, & Lee, 2005; Dinges et al., 1997; Angus, Heslegrave, & Myles, 1985; 

Almklov, Drummond, Orff, & Alhassoon, 2014). Sleep deprivation is consistently 

accompanied by a decline in arousal levels, speed, and accuracy, which has robust effects 

on cognitive abilities (Thomas, et al., 2000; Dinges et al., 1997). As well, event-related 

potential (ERP) data show deficits in arousal by greater EEG slowing (Cote, et al., 2009), 

and loss of arousal in frontal sites initially and then parietal sites after further sleep 

restriction (Cote, Milner, Osip, Baker & Cuthbert, 2008). Deficits in attention have been 

studied across several ERP components during stimulus processing, including the N1 and 

P300 auditory evoked potentials, the contingency negative variation (CNV) waveform 

(Cote, Milner, Osip, Baxter & Ray; Gauthier & Gottesmann, 1983; Humphrey, Kramer & 

Stanny, 1994; Krull, Smith, Sinha & Parsons, 1993), and error related components (Tsai 

et al., 2005; Dinges et al., 1997; Gosselin, de Koninck & Campbell, 2005). Studies have 

also shown patterns of deficit across many tasks including vigilance, logical reasoning, 

visual search, and mathematics; typically, performance declines over the first 24 hours, 

followed by a maintenance of performance before another decline as sleep loss persists 

(Dinges et al., 1997; Chee et al., 2005; Angus et al., 1985). The extent to which sleep 

deprivation results in decrements in human performance depends on homeostatic factors 

(i.e., amount of time awake), and circadian factors (i.e., time of day) (Van Dongen, 

Bender & Dinges, 2012; Mollicone, Van Dongen, Rogers, Banks & Dinges, 2010), but 

also a number of factors related to the task or individuals such as degree of workload 

(Van Dongen, et al., 2012), and personality (Smith & Maben, 1993).  

Imaging studies have provided insight into which brain regions accompany 

performance deficits after sleep deprivation. The first PET study deprived individuals of 
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sleep for 35 hours, and found that during a continuous performance task the basal 

ganglia, cerebellum, left thalamus, frontal lobes and temporal lobes showed a decreased 

regional metabolic rate and an increased parietal metabolic rate (Wu et al., 1991). 

Another PET study addressed cerebral glucose metabolism rate in participants after 24 

hours of sleep deprivation (Thomas et al., 2000). After 24 hours, deficits were found on 

serial mathematics tasks, and there was a decrease in global cerebral glucose metabolic 

rate. Specific brain areas that had decreased activation included the temporal lobes, 

thalamus, cerebellum, prefrontal cortex and the posterior parietal lobe. Task performance 

continued to decline over the remainder of the protocol, as measured every 2 hours. 

These PET studies indicated patterns of decreased neural activation after sleep loss that 

accompanied cognitive deficits detected with behavioural measures.  

More recent studies used fMRI technology and addressed the effects of sleep 

deprivation on different cognitive tasks. A series of studies using 35-hour sleep 

deprivation found deactivation in the superior parietal lobe, left premotor area, left 

superior parietal and lateral occipital gyra during a serial subtraction task (Drummond, 

Brown, Stricker, Buxton, Wong, & Gillin, (1999). Their next study maintained a 35-hour 

deprivation protocol but used a word learning task (Drummond, Brown, Gillin, Stricker, 

Wong & Buxton, 2000). For a word list memorization task, sleep deprived individuals 

had an increase in prefrontal cortex and parietal lobe activation. The authors concluded 

that activation of these areas was associated with compensatory mechanisms, and a 

greater activation was correlated with less performance deficit. The next study used a 

divided attention task and found increased prefrontal cortex and parietal activation in the 

right hemisphere (Drummond, Gillin & Brown, 2001). Greater activation of the parietal 
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lobe was again related to better task performance. The findings of these three studies 

showed a difference in neural response and a use of compensatory mechanisms specific 

to task, although it is evident that the parietal lobes may play a unique role in 

performance maintenance (Drummond & Brown, 2001). Drummond, Brown, Salamat, & 

Gillin (2004) furthered study by focusing on verbal reasoning. Sleep deprived individuals 

showed a compensatory response by greater activation of inferior frontal gryrus, superior 

and temporal gyrus, left fusiform gyrus, precuenus, medial visual cortex and the 

prefrontal cortex after sleep loss.  

Using a working memory task, Chee et al., (2005) tested participants at baseline 

and after 24 and 35 hours of sleep deprivation. Although finding no differences between 

the two sleep deprivation groups, they found reductions in the superior parietal lobe and 

left thalamus compared to controls. Individuals with greater fronto-parietal activation 

during the first measurement were less affected by sleep loss. The findings of this study 

again highlight an important potential role for compensatory activation to maintain 

performance after sleep loss.  To determine whether sleep deprived individuals only had 

difficulties during cognitive tasks, resting state activation was studied in individuals who 

had undergone 35 hours of sleep deprivation. Deprivation resulted in less deactivation in 

the dorsal anterior cingulate cortex and more deactivation in the perirhinal cortex (Gujar, 

You, Hu &Walker, 2009). Results of this study indicate that sleep deprived individuals 

were distinguishable from rested controls based on only resting brain activity. 

Chronic sleep restriction has similar effects on cognition as total sleep deprivation 

(McCoy & Strecker, 2011). Sleep restriction studies have illustrated a dose-response 

relationship between sleep restriction and performance with less sleep resulting in greater 
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performance impairments (Belenky et al., 2003; Van Dongen, Maislin, Mullington, & 

Dinges, 2003). These studies suggest that the number of cumulative hours awake is the 

source of the most severe deficits. 

 Impact of Sleep Loss on Subjective Sleepiness and Mood  

For many years, the study of sleep deprivation and emotion focused on changes in 

subjective mood after sleep deprivation. It was well-documented that individuals 

experienced a decrease in positive emotions with a simultaneous increase in negative 

emotional states (Talbot, McGlinchey, Kaplan, Dahl, & Harvey, 2010; Franzen, Siegle, & 

Buysse, 2008). Clinically, psychological conditions such as depression and anxiety show 

comorbidity with difficulty sleeping or poor sleep quality (Walker & Harvey, 2010; Dahl 

& Lewin, 2002; Van der Helm, Gujar, & Walker, 2010; Kyle, Beattie, Spiegelhalder, 

Rogers & Espie, 2014). Sleep studies find an increase in subjective feelings of sleepiness 

as sleep deprivation continues that mirrors the daily circadian rhythm and is worst when 

the individual is typically sleeping (Babkoff, Caspy & Mikulincer, 1991; Angus, et al., 

1985; Birchler-Pedross et al., 2009). Other affect-related correlates of sleep deprivation 

include: an increase in confusion, tension, and anxiety; emotional and physical ailments; 

reduced subjective wellbeing; and increased stress, and anger (Dinges et al., 1997; 

Birchler-Pedross et al., 2009; Minkel et al., 2012; Baum et al., 2014; Talbot et al., 2010). 

These negative emotional states may affect the perception of various external stimuli and 

information.  

Ferreira et al. (2006) investigated the association between mood reports and 

prefrontal cortex asymmetry in alpha EEG after sleep deprivation. Prefrontal asymmetry 

is considered an indicator of emotional control over the current emotion in well rested 
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individuals. Participant reports of negative mood, increased sleepiness and decreased 

arousal occurred with a simultaneous increase of asymmetry and shift to the right frontal 

hemisphere. This study argues asymmetry as a potential predictor of the changes in 

subjective mood after sleep deprivation. 

One study investigated the role of chronotype in the effects of sleep loss, and 

found that morning individuals had a more negative mood after waking at 1:30 am than 

evening individuals (Selvi, Gulec, Agargun, & Besiroglu, 2007). The results of this study 

demonstrate individual differences in response to sleep loss. Further, women showed a 

decrease in feelings of well-being before men, but also began to have improved well-

being after 22 hours of deprivation. Men maintained a stable degree of well-being 

(Birchler-Pedross et al., 2009). As well as individual differences, there are variations in 

the effects of sleep deprivation on mood across the lifespan. Older individuals have been 

shown to report more of a mood change after sleep loss (Birchler-Pedross et al., 2009). 

Different effects of sleep deprivation on mood can be seen in toddlers who show more 

negative emotions and less confusion to unsolvable puzzles (Berger, Miller, Seifer, Cares, 

& Lebourgeois, 2012). As well, adolescents use fewer positive words than adults after 

deprivation (McGlinchey, Talbot, Chang, Kaplan, Dahl, & Harvey, 2011).  

Individual Differences in Vulnerability to Sleep Loss 

 While studies have begun to outline a clearer story of the effects of sleep loss on 

cognitive function, there is a growing area of research focusing on the variability between 

individuals in the degree of performance deficits experienced after sleep loss (Van 

Dongen, & Belenky, 2009). Van Dongen, Baynard, Maislin, and Dinges (2004; Van 

Dongen, & Belenky, 2009) designed a study with three repeats of a 36-hour sleep 
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deprivation protocol to test the reliability of any deficits. Two of the experimental nights 

were preceded by a week of 12 hours of sleep, and the other experimental night had a 

week of 6 hours of sleep. There was a performance difference in the two conditions, but 

variability within the conditions was greater and individual differences explained 67.5-

92.2% of the performance differences. They argued that although vulnerability to sleep 

loss was a trait, there were several different areas of potential deficit including prediction 

of performance, subjective sleepiness and mood, cognitive capacity, and maintenance of 

attention (Van Dongen et al., 2004). The authors argued that an individual’s response to 

tasks testing these domains after sleep loss was a trait and replicable across sleep 

deprivation events. Similar findings emerged from a study by Rupp, Wesensten, and 

Balkin (2012) where participants underwent 63 hours of sleep deprivation and one night 

of sleep restricted to three hours. Participants were tested on attention, math, working 

memory and ability to stay awake; the individuals who were most affected by sleep loss 

were the same in both episodes of sleep loss supporting a trait-like response. Of the tested 

variables, only subjective sleepiness did not appear to be affected (Rupp et al., 2012; Van 

Dongen, 2012). 

 The causes for individual vulnerability are a growing area of research, but 

currently the major contributors to the trait component of vulnerability to sleep loss have 

remained elusive (Van Dongen et al., 2004). For instance, high levels of stress in those 

with negative emotionality has been investigated as a contributor to greater variability 

after sleep disturbance (Mezick et al., 2009). The suggestion of vulnerability to sleep-

loss-related performance deficits as a trait, argues a need for potential predictors of the 

deficit. The current study aimed to investigate baseline hormone concentrations or sleep-
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loss related hormonal changes as predictors of the deficit experienced after sleep loss in 

the processing of emotional stimuli.  

Sleep Deprivation and Emotional Processing 

 The ability to recognize emotions in others and respond to emotional events in the 

environment is critical for humans (Walker, 2011). While the impact of sleep loss on 

subjective mood was a reliable and well-documented outcome from early research, a 

recent focus of research is how sleep deprivation affects the processing of emotional 

stimuli. Vanderckhove and Cluydts (2010) noted that sleep deprivation can affect how 

individuals perceive daily emotional events and enhance their reaction to negative 

occurrences, and this deficit may have important implications for social functioning.  

Behavioural studies. Initial research focused on behavioural differences between 

sleep deprived and well-rested participants on emotional processing tasks. One study 

addressed the effect of stimulants on emotional processing (Huck, McBride, Kendall, 

Grugle & Killgore, 2008). After 47 hours of total sleep deprivation, participants were less 

able to perform a complex facial categorization task when asked to select the primary 

emotion displayed in a face that had been morphed to combine two emotions (e.g., 40% 

happy and 60% fearful). After taking a stimulant (caffeine, modafinil or 

dextroamphetamine), participants showed significant accuracy improvements compared 

to placebo groups, which illustrated the ability of stimulant medication to overcome some 

deficits in emotional processing. In another emotional face recognition study, sleep 

deprived individuals were less able to correctly identify subtle happy faces and angry 

faces (that were morphed with a neutral face), but maintained accuracy for sad faces (Van 

der Helm, Gujar, & Walker, 2010).  
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Tempesta and colleagues (2010) reported a negative response bias for sleep 

deprived individuals, as they rated neutral pictures as more negative than they had when 

well-rested. Participants also rated negative images as more arousing. Similarly, in an 

emotional go-no-go task, researchers reported that sleep deprived individuals were more 

behaviourally reactive to negative stimuli and more likely to make an impulsive response 

to no-go stimuli that were negative (Anderson & Platten, 2011). Unique responses to 

negative stimuli have also been shown in nap-deprived toddlers who have an increased 

emotional response to negative images (Berger, Miller, Seifer, Cares, & Lebourgeois, 

2012), and a greater recall for negative emotional experiences in sleep restricted adults 

(Kahn, Sheppes, & Sadeh, 2013). A trend towards a negative bias was also supported by 

a recent study by Gobin, Banks, Fins, and Tartar (2015), who found individuals reporting 

worse sleep quality had greater recall for negative images during an emotional images 

memory task. The authors suspected that there was an increase in amygdala response 

after sleep loss that increased reactivity to negative stimuli.  

Despite support for a negative bias after sleep loss, there has also been support for 

a decrease in emotional response. While watching emotional videos, individuals 

displayed less facial expressions after sleep deprivation than they had previously while 

rested, and this blunting was especially true for positive videos (Minkel, Htaik, Banks, & 

Dinges, 2011). The findings of this study suggest that in some situations, there is a 

general dampening in emotional response after sleep deprivation. Schwarz et al. (2013) 

focused on whether there was an overall reduction in emotional processing or a difficulty 

in top down processing. The sleep-restricted individuals were asked to respond to an 

emotional image with either a facial expression that matched the tone of the image, or a 
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facial expression that did not match the scene. Using electromyography, the reaction 

times for all facial expressions were significantly slower than when well rested (Schwarz 

et al., 2013). Schwarz et al.’s findings supported an overall dampening in emotional 

response, as there was no deficit for incongruent facial expressions in particular. If there 

had been a difficulty with regulatory control, the authors predicted that the incongruent 

facial expressions would take longer than the congruent facial expressions. These two 

studies serve as an example of a general dampening effect on emotional processing after 

sleep loss as opposed to emotion-specific deficit.  

Recently, a specific focus has been on emotional face processing after sleep loss. 

A recent behavioural study illustrated that negative and neutral faces required a longer 

reaction time for processing after sleep loss (Maccari et al., 2014). Emotional word and 

neutral face processing was greatly affected by sleep deprivation, but the accuracy of 

positive emotional face categorization was largely maintained (Maccari et al., 2014). 

Another facial processing study compared clinically diagnosed insomnia patients with 

good sleepers on angry, sad, happy and fearful face categorization (Kyle, Beattie, 

Spiegelhalder, Rogers, & Espie, 2014). Insomnia patients judged fearful and sad faces as 

less intense than the controls. These studies serve as evidence that there is not simply an 

emotional dampening for emotional face processing after sleep loss, but rather deficits for 

specific types of emotion. 

Another recent study directed at understanding the nature of emotional factors 

affected by sleep loss, measured ‘direct’ (i.e., categorization of amount of concern felt for 

another), and ‘indirect’ (i.e., how emotionally aroused they felt by the image), empathetic 

levels by delivering questions after an IAPS task that portrayed people experiencing 
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certain emotions (Guadagni, Burles, Ferrara, & Giuseppe, 2014). Sleep-deprived 

individuals displayed less direct and indirect empathy than participants tested twice in 

one day, and participants tested surrounding a night of sleep (Guadagni, Burles, Ferrara, 

& Giuseppe, 2014). This study further illustrates the negative effect of sleep deprivation 

on typical emotional processing, although applied it to empathy, which at a diminished 

level could have real-life social implications. 

Peripheral Nervous System. Using an autonomic nervous system measure of 

emotional reactivity, Franzen, et al., (2009) measured changes in pupil size to IAPS 

images. Sleep-deprived individuals showed greater pupil dilation to negative images than 

the control individuals, which is indicative of higher emotional reactivity. The authors 

concluded that after sleep deprivation, emotional processing becomes more effortful and 

requires greater attention and reactivity (Franzen, et al., 2009). 

Imaging studies. Brain imaging studies serve to identify which specific areas of 

the brain and brain function might underlie deficits in emotion processing as a result of 

sleep loss. In a study in which participants had to recall familiar simple hand-drawn faces 

that varied in emotion, individuals who had been sleep deprived during a military 

exercise between 72 and 120 hours showed a decrease in accuracy and slower responses 

(Pallesen et al., 2004). Although all of the participants had faster response times for faces 

presented in the right hemisphere during baseline, 11 participants out of 36 switched to 

faster responses in the left hemisphere after sleep deprivation, and this change suggests a 

change in task strategy. The authors posited that after sleep deprivation it was possible 

that the individuals were trying to use verbal working memory instead of emotional 

processing to compensate for reduced function.  
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In contrast to the findings by Tempesta et al., (2010) of a negative response bias, 

Gujar, Yoo, Hu, & Walker (2011) showed a behavioural tendency to rate more images as 

positive in individuals who had undergone 31 hours of sleep deprivation compared to 

well-rested controls.  During the IAPS task with increasingly positive images, sleep 

deprived individuals showed an increase in activation in the mesolimbic areas, ventral 

tegmental area (VTA) of the brainstem, putamen of the dorsal striatum, amygdala, insular 

cortex, and an increase in functional connectivity in mesolimbic regions. Increased 

activation of the VTA, left fusiform gyrus and left insular cortex were correlated with the 

degree of preference for reporting an image as positive shown by individuals. However, 

there was also a deactivation in the right posterior hippocampus and precuneus after sleep 

deprivation, and reduced functional connectivity in the midline prefrontal and 

orbitofrontal cortices. The authors concluded that the entire affective system was 

functioning atypically, and that the impact of sleep loss was not specific to negative 

stimuli, but that positive stimuli were also being processed differently after sleep loss.  

One study investigated the relationship between typical sleep and emotional 

processing determined that individuals who did not receive a nap showed an increase in 

reactivity, as measured by difference between mean arousal rating before and after nap 

opportunity, for angry and fearful faces (Gujar, McDonald, Nishida, & Walker, 2011). 

Individuals who achieved REM sleep during the nap had less reactivity for fear but were 

more accurate for happy faces, indicating that REM sleep may play a specific role in 

emotion regulation. The authors suggested that as time awake increased, there was a 

greater attention for threat-related faces but that an intervening period of REM sleep 

could counteract this effect. A study that differentiated between REM and non-REM 
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deprivation showed that REM deprived individuals experienced more reactivity to threat-

related images than non-REM deprived individuals (Rosales-Lagarde, Armony, del rio-

Portilla, Trejo-Martinex, Conde, & Corsi-Cabrera et al., 2012). The experimental night 

was the second time doing this task, so less activation was expected to the same 

emotional images on a second showing. The non-REM deprived group showed a decrease 

in the right inferior lobe, the middle frontal gyri, the right fusiform gyrus, the left superior 

frontal gyrus, the inferior parietal lobe, the posterior middle temporal gyrus and the 

parahippocampal gyrus. In contrast, the REM deprived group only showed deactivation 

of the left anterior and posterior cingulate gyrus, while other areas maintained typical or 

elevated activation. This study further suggests an important regulatory role for REM 

sleep in the processing of threat-related images and that without REM sleep, reactivity 

remains elevated to threatening images.  

To investigate the response to negative images, Yoo, Gujar, Jolesz and Walker 

(2007) investigated brain processing of neutral to very negative affective pictures from 

the IAPS database using fMRI imaging. Typically, the amygdala shows a greater 

response to negative stimuli but this relationship is usually regulated by the activity of the 

medial prefrontal cortex. Sleep deprived individuals showed a 60% increase in the level 

of amygdala activation and used three times more of the amygdala than well-rested 

individuals for negative images (Yoo et al., 2007). As well, sleep deprived individuals 

had a greater functional connectivity between the amygdala and the brainstem despite the 

control group showing more connectivity between the amygdala and the medial 

prefrontal cortex. This difference in connectivity suggests that after sleep deprivation 
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there was a loss of regulatory control of the amygdala by the prefrontal cortex (Yoo et al., 

2007) 

  To further the research done by Yoo et al., (2007), a recent study focused on 

amygdala connectivity but in common real life deficits. Individuals who had less sleep 

debt had a greater connectivity between the right ventromedial prefrontal cortex and the 

right amygdala, and these individuals also had a higher level of emotional intelligence 

with a lower score of mental illness as measured by the Personality Assessment Inventory 

(Killgore, 2013). It was concluded that receiving more sleep may allow the prefrontal 

cortex to have greater regulatory control over emotional processes. Similarly, there is a 

correlation between ratings of subjective sleepiness and activation in the amygdala, 

ventromedial prefrontal cortex, hippocampus and insular cortex, and many regions of the 

default mode network (Motomura et al., 2014). This relationship was especially strong 

for fearful faces when presented too quickly for conscious perception and posits that 

changes in emotional processing are also on a subliminal level and not just for conscious 

emotional processing.  

Although several studies have found reductions in functional connectivity 

between the amygdala and the ventromedial prefrontal cortex after sleep deprivation 

(Yoo et al., 2007; Motomura et al., 2014), it appears that there is also a reduced degree of 

connectivity between the amygdala and the anterior cingulate cortex for both fearful and 

neutral faces (Motomura et al., 2014). In regular functioning, the ventral anterior 

cingulate cortex is also important for regulating the activation of the amygdala. However, 

in sleep deprived individuals, inhibition is lessened and the amygdala becomes 

overactive, especially for fearful faces. It is likely that the change in functional 
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connectivity has more of an effect on the processing of affective stimuli than changes in 

the specific activation of certain regions (Motomura et al., 2014). 

A recent fMRI study found significant changes in connectivity of various links 

between the basolateral and centromedial sections of the amygdala and other regulatory 

areas in participants who were tested when they were rested and again during total 

deprivation (Shao et al., 2014). Connectivity changes included decreased connectivity 

between the basolateral section and the dorsolateral prefrontal cortex, anterior cingulate, 

and the right inferior frontal gyrus. There was an increased connectivity between the 

basolateral amygdala and the posterior cingulate cortex, and right parohippocampal 

gyrus. Changes in connectivity after sleep deprivation suggests an altered ability of 

different brain regions involved in emotional regulation to communicate effectively 

(Shao et al., 2014). Another study focusing specifically on response to threatening faces 

found behaviourally that individuals after sleep loss identified more faces as threatening 

than they had after a night of sleep (Goldstein-Piekarski, Greer, Saletin, & Walker, 2015). 

The anterior insula and dorsal anterior cingulate cortex were no longer associated with 

the processing of threat after sleep loss. The authors argued that sleep loss results in a loss 

of coordination of the emotional system and an inability for it to communicate 

effectively. Another recent repeated measures design used both fMRI and PET scans after 

one night of total sleep deprivation (Klumpers, et al., 2015). Participants had to 

categorize the emotional valence of a target image that was accompanied by an emotional 

distractor. Behaviourally, participants had a reduction in accuracy for neutral targets and 

positive targets that were accompanied with a negative distractor. Sleep deprived 

individuals showed increased left dorsolateral, left parahippocampal and anterior insulate 
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activity which the authors argued suggested an increase in mental energy consumption. In 

an emotional working memory n-back paradigm, participants showed diminished 

performance after 24 hours of sleep deprivation (Simon et al., 2015). As proposed in 

earlier studies, they found a decreased frontal connectivity and a reduction in the 

difference in activity between the processing of negative and neutral backgrounds. As 

well, after sleep loss, participants showed a greater reactivity to the emotional stimuli, 

which should have been ignored as distractor backgrounds, suggesting difficulty 

inhibiting this response, and a greater reactivity to emotion. 

Event-related potentials. Very recent research has employed event-related 

potential (ERP) techniques to investigate the impact of sleep loss on emotional 

processing. Although valuable information was gained from use of block design in 

imaging studies, the use of EEG technology allows for the testing of rapid changes in 

reactivity to emotional stimuli. The main focus for emotion research is on two specific 

ERP components, the N170 to emotional faces and the Late Positive Potential (LPP) to 

IAPS images.  

 The LPP has been connected to emotional processing by many studies. Emotional 

stimulus processing involves ERPs that occur between 200 and 400 ms, and the LPP 

usually begins around 300 ms (Olofsson, Nordin, Sequeira, & Polich, 2008). Generally, 

larger LPP amplitudes occur to positive and negative images than to emotionally neutral 

images (Liu, Huang, McGinnis-Deweese, Keil, & Ding, 2012; Olofsson et al., 2008). 

Typically, threatening images show a larger LPP than even other emotional images 

(Olofsson et al., 2008). Studies have provided evidence that emotional images, especially 
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threatening ones, attract attentional resources, and the amygdala and insula may play a 

role in creating the LPP response (Liu et al., 2012).  

 The N170 is a negative ERP maximum at parietal-occipital sites that begins at 

approximately 170 ms and is frequently associated with facial processing. For instance, 

the N170 is greater and peaks earlier for faces than for cars (Rossion, & Caharel, 2011). 

Recent research suggests that the N170 is not just related to the structural processing of 

the face, but it is involved in more in-depth facial processing (Rossion & Caharel, 2011). 

The N170 can be affected by emotional faces, with positive images producing a shorter 

latency N170 than negative images, and a greater N170 peak for fearful faces than both 

neutral and surprised faces, and a greater N170 amplitude to happy, fearful and angry 

faces than neutral faces due to their need for rapid detection (Batty & Taylor, 2003 & 

Hinjosa, Mercado, & Carretié, 2015). 

A recent ERP study showed that the amplitude of N170 was larger for fearful and 

angry emotional faces and smaller for sad faces in sleep-deprived individuals as 

compared to rested controls as the faces became more subtle (Cote, Mondloch, Sergeeva, 

Taylor & Semplonius, 2013). The authors concluded that individuals were allocating 

more attention to threat-related faces that are critical to survival during the challenge of 

sleep deprivation, as the brain is attempting to function on less neural resources. As well, 

attention to sad facial expressions was uniquely reduced as a result of sleep loss. In 

another study that investigated processing emotional images from the IAPS, sleep 

deprived individuals had a larger amplitude LPP than controls for both positive and 

negative pictures (Cote, Jancsar, & Hunt, 2014). As well, the LPP was larger to negative 

compared to positive pictures within the sleep deprived group. The larger LPP 



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 18 

 

demonstrates greater allocation of attention to emotional images as a result of sleep 

deprivation. In contrast to these findings, another study focusing on the LPP amplitude in 

a repeated measures 24-hour sleep deprivation study (Alfarra, Fins, Chayo, & Tartar, 

2015), found that when compared to their well-rested night, participants had an increased 

LPP to neutral images after 24 hours of sleep deprivation. In fact, after sleep loss there 

was no difference between the LPP to the three types of images; the authors proposed that 

individuals were having trouble disconnecting from the emotional images that preceded 

the neutral images. A potential cause of the discrepancy between these studies is different 

instructions on the behavioural task that led to a longer reaction time for neutral images 

as they were more difficult to classify on the 9 point scale, and this increased difficulty 

could have potentially increased the effort needed to process neutral stimuli. 

In summary, the literature has shown that sleep deprivation affects emotional 

processing in different ways; in some studies, sleep loss has led to an increase in 

reactivity while in other studies, there has been a deactivation of typically task active 

areas or a decrease in behavioural performance. Overall, the emotion processing literature 

suggests that after sleep loss, individuals may show an increased response to emotional 

stimuli, but a reduction in accuracy, recognition and the actual expression of emotions 

(Beattie, Kyle, Espie, & Biello, 2015).  

However, it seems that there is a unique relationship between sleep deprivation 

and threat-related or negative emotional processing as opposed to positive or neutral 

processing. Little research has investigated the mediating factors to explain how the brain 

reacts to sleep loss. The current study aimed to investigate hormones for their role in the 

relationship between sleep deprivation and the processing of emotional information.  
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Endocrine Functioning 

 Hormones have major influences on human behaviour. For each of the hormones 

measured in this study, the review herein will present the basic physiology as well as any 

known disruptions after sleep loss.  

Cortisol. Cortisol is a glucocorticoid hormone that is produced in response to 

stressful situations that threaten the body’s natural balance (McCormick, 2007). The 

schedule for secretion is determined by the superchiasmatic nucleus and has heavy 

circadian influences (Bailey & Silver, 2014). It is regulated through the hypothalamic-

pituitary axis beginning in the paraventricular nucleus in the hypothalamus which 

excretes corticotrophin releasing hormone and triggers the pituitary gland to release 

adrenocorticotrophic hormone (ACTH) (McCormick, 2007; Gamble, Berry, Frank, & 

Young, 2014). The adrenal cortex is sensitive to ACTH, and will release cortisol in 

response to rising ACTH concentrations. Cortisol travels the body attached to binding 

globulins, and is differentially effective on cells based on the circadian timing and 

sensitivity of the receiving organ (McCormick, 2007). Both the sensitivity of different 

organs to the hormone, and the secretion of the hormone are on a circadian rhythm; 

typically, cortisol concentration peaks in the morning and are lowest in the evening 

(Gamble, Berry, Frank & Young, 2014; McCormick, 2007). Specific areas of the brain 

and body that are particularly responsive to stress have a greater concentration of 

receptors for cortisol, including various brain regions like the hippocampus, prefrontal 

cortex, and the amygdala. Although a survival response of the body to stress is beneficial 

in many situations, high concentrations of cortisol for extended periods of time can be 

harmful to the brain and rest of the body (McCormick, 2007). High levels of HPA axis 
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activity and corticotrophin releasing hormone can reduce slow wave sleep production and 

in even greater levels may be a contributing factor to insomnia; lack of sleep then causes 

further disruptions in the typical functioning of the HPA axis (for review see Marano et 

al., 2011; Buckley & Schatzberg, 2005). 

Cortisol awakening response (CAR). Recent research has begun to address a 

hormonal phenomenon that occurs upon awakening. Typically, it involves several pulses 

of cortisol during the 45-60 minutes after awakening and a large increase in cortisol 

concentration (Clow, Thorn, Evans, & Hucklebridge, 2004). The large jump in cortisol 

concentration is believed to be associated with promoting the cognitive switch to 

wakefulness; this response is the largest when external factors, such as light, also promote 

wakefulness (Law, Hucklebridge, Thorn, Evans, & Clow, 2013). Specifically, there has 

been an association between the CAR and recovery of consciousness and prefrontal 

cortex functioning (Clow, Hucklebridge, Stalder, Evans, & Thorn, 2010). This change 

may result from a change in the sensitivity of the adrenal cortex to circulating 

concentrations of adrenocorticotropic hormone, which then increases the concentration of 

cortisol (Clow et al., 2010). The size of the CAR is also associated with physiological 

stress, general health, and the anticipation of the upcoming day, although the direction of 

the relationship varies between studies (see Clow et al., 2004 for review). Some studies 

have found higher levels of stress to be related to elevations in the CAR (Clow et al., 

2004). Variations in the CAR seem to be largely related to psychological and 

physiological state, although there are some trait variations (Law et al., 2013). 

 In shiftworkers, the CAR takes a few days to normalize to the new circadian 

cycle; until this point cortisol concentration is often elevated (Griefahn, & Robens, 2010). 
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In one study, participants were investigated over four consecutive morning or night shifts. 

Night shift workers experienced a blunted CAR which was correlated with a decrease in 

performance. The CAR did increase over the course of night shifts until it had reached a 

normal level (Griefahn & Robens, 2010).  

 Cortisol and behaviour. Cortisol is very responsive to the Trier Social Stress 

Test, which involves participants speaking in front of a panel of peers, and illustrates the 

ability of cortisol to respond very rapidly to a stressor in the environment (Allen, 

Kennedy, Cryan, Dinan, & Clarke, 2014). High concentrations of cortisol have been 

known to affect working memory, long term memory, and some higher-order cognitive 

tasks (McCormick, 2007; Allen et al., 2014). This finding suggests an important role for 

cortisol in cognitive processing, and it could be implicated in effects on cognitive 

processing after sleep deprivation.  

Cortisol has also been shown to play a role in the processing of emotional stimuli, 

especially those that are threatening in nature. Hakamata et al. (2013) found that 

individuals who had a higher concentration of cortisol at night and less circadian 

variation paid more attention to threatening stimuli, and these individuals also showed an 

increased susceptibility to mood disorders. However, for men who reported high levels of 

anxiety, administration of cortisol during a masked emotional Stroop Task reduced the 

attention to fear stimuli (Putman, Hermans, Koppeschaar, van Schijndel, & van Honk, 

2007). These authors later found that cortisol administration reduced attention to fear 

only in men with low levels of anxiety for an emotional spatial cueing task (Putman, 

Hermans, & van Honk, 2010). Another emotional Stroop study found a decreased 

reaction time to masked angry stimuli for participants with high concentrations of cortisol 
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(van Honk, Tuiten, van den Hout, Koppeschaar, de Haan, & Verbaten, 1998). The 

authors suggested that the increased cortisol led participants to avoid attending to threat 

when masked as a flight response. This allowed them to name the colour more rapidly. 

However, for unmasked faces, they could use more conscious strategies (van Honk et al., 

1998; van Honk et al., 2000).  

 Participants were given either 10 mg or 40 mg of hydrocortisone, to compare the 

differences between lab stress cortisol concentration and superhuman administration 

concentration, and were asked to respond to only the second image on the screen and rate 

it as negative or positive (Taylor, Ellenbogen, Washbrun, & Joober, 2011). There was no 

difference between the two cortisol groups, but behaviourally, cortisol increased 

inhibition to angry stimuli that was not relevant to the task. The authors suggested that 

cortisol may play a role in determining the relevance of threat to the task and allowing 

more focus on task-relevant threatening responses while inhibiting the response to less 

relevant threat.  

 In a study of emotional face processing, participants with higher concentrations 

of cortisol had worse performance on the categorization of neutral faces, and a faster 

reaction time to happy and angry faces (Feeney, Gaffney, & O’Mara, 2012). The authors 

suggested that elevated cortisol concentration increased the sensitivity to threat due to a 

high concentration of receptors for cortisol in the amygdala. As a result, this increase led 

to an increased tendency to view neutral stimuli as threatening in nature. Cortisol has 

been found to be related to accuracy on categorization of angry, sad and disgusted faces 

in both depressed and control participants, and the authors suggested that less activity in 

the HPA axis led to difficulties discriminating threat (Douglas & Porter, 2012). Another 
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face processing task that asked the participants to respond with an approach or retreat 

behaviour to happy and angry faces found that cortisol increased the amplitude of the 

P150 when participants were asked to make an avoidance response to an angry face (van 

Peer, Spinhoven, van Dijk, & Roelofs, 2009). As well as the initial processing of 

emotional faces, cortisol plays a role in the memory of emotional faces. In a spatial face 

task, follicular women were asked to move emotional faces to where they had been 

located during training (Putman, van Honk, Kessels, Mulder, & Koppeschaar, 2004). 

Participants that had higher concentrations of endogenous cortisol showed a better 

memory after a 20-minute delay than lower cortisol participants. When participants had 

to perform an immediate recall after 40 mg of hydrocortisone administration, cortisol 

increased the accuracy difference for angry compared to neutral while reducing it for fear 

compared to neutral (Putman, Hermans, & Van Honk, 2007). The authors suggested that 

this finding supported the hypothesis that cortisol plays a role in reducing fear in men.   

To study children, Ursache and Blair (2015) studied the relationship of cortisol to 

alpha-amylase which they used as a measure of autonomic nervous system function. On a 

dot probe task, children with a high concentration of cortisol, but also high concentrations 

of alpha-amylase, had a bias towards threatening stimuli, but this bias was reduced when 

alpha-amylase was low. The authors suggested that high concentrations of cortisol led to 

a greater tendency for threat to attract attention as opposed to a difficulty shifting 

attention away from threat.  

Testosterone. Testosterone is an androgen that is found in much greater 

concentrations in men than women. In the male body, through enzymatic action, 

testosterone is converted to both dihydrotestosterone and estradiol in different areas of 
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the body (Anderson, Alvaregna, Mazaro-Costa, Hachul, & Tufik, 2011). It is produced as 

a product of a long line of endocrine responses beginning with the release of 

gonadotropin releasing hormone from the medial basal hypothalamus which then acts 

through the hypophyseal-portal system on the anterior pituitary gland; here, luteinizing 

hormone and follicle stimulating hormone are released (Anderson et al., 2011). The 

amount of luteinizing hormone then relates to the concentration of testosterone.  

Testosterone is strongly affected by sleep; a study of twelve older males over two 

nights determined that the amount of Stage 2 and REM sleep were positively correlated 

to morning testosterone concentration and total sleep time was a significant predictor of 

morning testosterone (Penev, 2007). As a rule, testosterone follows typical rhythms if 

three hours of slow wave sleep are obtained, and will decrease across the duration of time 

spent awake, suggesting it could be greatly affected by sleep loss (for review see Wittert, 

2013). A study by Luboshitsky, Zabari, Shen-orr, Herer and Lavie (2001) drastically 

fragmented sleep by allowing only 7-minute sleep opportunities followed by 13 minutes 

outside the bedroom, and participants experienced less of an increase in testosterone 

concentration over the night. Generally, testosterone did not begin to rise until the first 

REM period was experienced (Luboshitsky et al., 2001). However, another study 

reported that that it was chronotype and not total sleep time that was correlated with 

testosterone concentration, with evening chronotypes having higher testosterone 

(Randler, et al., 2012). Potentially as a result of the effects of sleep, testosterone is 

typically highest in the morning and decreases steadily throughout the day with a trough 

at 8 pm (Panizzon et al., 2013; Plymate, Tenover, & Bremner, 1989; Anderson et al., 

2011). In older men, much of this daily variation is based on genetic influences, but even 
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the degree it is based on genetics is altered in a circadian pattern with .39 heritability in 

early morning and almost none by the evening (Panizzon et al., 2013). In fact, in this 

older age group, a greater decline in testosterone after awakening is significantly 

correlated with less of a cortisol awakening response, which is an interesting finding as 

testosterone has an inhibitory effect on HPA axis activity (Panizzon et al., 2013; 

Anderson et al., 2011). 

Testosterone and behaviour. Testosterone is connected to several psychological 

and cognitive states. It is implicated in motivation, well-being, strength, and also plays a 

role in some cognition and memory tasks (Anderson et al., 2011). Testosterone has also 

shown a relationship with the processing of emotional faces. In a face task that presented 

neutral facial expressions to participants, testosterone was predictive of the level of 

trustworthiness the participant rated the face (Carré, Baird-Rowe, & Hariri, 2014). A 

higher concentration of testosterone after an aggression task were associated with lower 

trust ratings than before the aggression task. It may be that testosterone concentration is 

related to the amount of threat that is perceived in a face (Carré et al., 2014), which could 

be important to the current study. Behaviourally, higher concentrations of testosterone 

also increase attention to angry faces in an emotional Stroop task; this result may occur as 

the result of an increase in dominance or aggression towards others (van Honk, et al., 

1999). The authors suggested that lower concentrations of testosterone caused the 

participant to shift their attention away from the threatening face. Testosterone 

concentrations six hours before the task onset were the mostly highly related to 

performance as opposed to four hours previously or just before the task.  
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Another study correlated testosterone concentrations with reaction time to fearful 

faces and also to amygdala activity for angry male faces and fearful faces of both sexes 

(Derntl, Windischberger, Robinson, Kryspin-Exner, Gur, Moser, & Habel, 2009). The 

authors argued for a specific relationship between testosterone and threatening stimuli as 

opposed to neutral stimuli. Another study that administered testosterone to women found 

an increase in amygdala response to happy and fearful faces after the administration (Bos, 

van Honk, Ramsey, Stein, & Hermans, 2013). Specifically, testosterone was related to 

increased activity in the superficial and basolateral areas of the amygdala, and the authors 

proposed an increase in the social importance of facial expressions after testosterone 

administration with the amygdala as a processor more for salience than for fear (Bos et 

al., 2013). 

 In a study addressing the relationship of testosterone and the peripheral nervous 

system, there was a significant increase in heart rate to angry faces after administration of 

testosterone in follicular women (Van Honk, et al., 2001). This cardiac change was 

interpreted as preparation to give a potentially aggressive response. Another study had 

participants perform an IAPS task after testosterone administration but were 

simultaneously told to ignore random surprising sounds (Hermans, Putman, Baas, Gecks, 

Kenemans, & Van Honk, 2007). After testosterone, participants showed a reduced 

galvanic skin response to negative IAPS images, and for individuals high in anxiety, there 

was less of a response to the startling sounds (Hermans et al., 2007). While some studies 

suggest and increased reactivity to threat, this study proposed a reduced potential for fear 

or stress responses. Multiple studies have suggested a relationship between testosterone 

and the processing of threatening stimuli, which is a stimuli valence that seems 
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particularly affected by sleep loss. As a result, this study investigated testosterone as a 

potential mechanism for the effect of sleep loss on emotional processing.  

Estradiol and progesterone. Estradiol is found in higher concentration in women 

than men due to a greater concentration of aromatase converting testosterone to estradiol 

(Anderson et al., 2011). Estradiol concentrations, as well as luteinizing hormone, follicle-

stimulating hormone, and progesterone change systematically across a woman’s 

menstrual cycle (Baker & Driver, 2007). During menstruation, all of the hormone 

concentrations are low; in the luteal phase, estradiol is low while progesterone is high 

(days 14-28); whereas in the follicular phase, there are higher concentrations of follicle 

stimulating hormone and thus estrogen (days 6-14) but low concentrations of 

progesterone (Baker & Diver, 2007; Little, 2013). Sleep disturbances are associated with 

differences in the menstrual cycle mainly through sleep’s effect on luteinizing hormone 

concentrations, and suggests that estradiol may be affected by sleep loss due to the 

dependence of estradiol on luteinizing hormone concentrations (Baker & Driver, 2007).  

Female sex hormones and behaviour. The hormone and behaviour variations 

within women across the menstrual cycle allow a natural platform for the study of the 

effects of these hormones. Estradiol is also implicated in multiple cognitive behaviours, 

such as emotional processing, fear processing, and spatial abilities (Little, 2013). 

Estradiol seems to play a role in fear-related processing, as higher estrogen has been 

related to higher ventral medial prefrontal cortex and left amygdala activation (Zeidan, et 

al., 2011). Although unstudied, it is possible that higher concentrations of estradiol may 

be related to greater regulatory control of the amygdala by the medial prefrontal cortex, 

and may lessen the effect of sleep deprivation on emotional processing.  
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 During face processing tasks, women in the follicular phase were shown to have a 

greater activation in the temporal lobe and the hippocampus when viewing various 

emotional faces (Derntl et al., 2008). In general, there was a negative correlation between 

the activation of the amygdala to fearful, sad, and neutral faces and the level of 

progesterone. Thus, the follicular phase had the greatest amygdala activation and this 

finding was especially true for disgust and happiness (Derntl et al., 2008). Women in the 

follicular phase also had a greater accuracy for emotional face categorization. The authors 

surmised that there may be an evolutionary basis for women during their follicular phase 

to be more socially aware, as this social awareness may help with mate selection. In a 

study of facial categorization, it was reported that women in the follicular phase had 

higher accuracy in categorizing angry and sad faces than both women in the luteal phase 

and men (Guapo, Graeff, Zani, Labate, dos Reis, & Del-Ben 2009). As well, women who 

were ovulating had a higher accuracy for fearful faces than men. The level of estradiol, 

not progesterone, was negatively correlated with accuracy for angry male faces (Guapo et 

al, 2009). Despite the changes in accuracy across phase, there were no overall differences 

for males (10 participants) and females (30 participants divided on phase). Another study 

again found that women in the follicular phase were better at categorizing emotional 

faces (Derntl, Kryspin-Exner, Fernbach, Moser, & Habel, 2008). In this study, 

progesterone had a negative correlation with accuracy, and it also correlated with an 

increased likelihood to mistakenly categorize a face as angry, and negatively correlated 

with categorizing the face as neutral. In a study with faces that morphed from neutral to 

either happy, fearful, sad, or disgusted faces in short video clips, progesterone was 

positively correlated with the reaction time to detecting sad and happy facial expressions 
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(Kamboj, Krol & Curran, 2015). Estradiol was correlated with accuracy for disgusted 

faces. The luteal phase has also been correlated with an increased reaction time to an 

emotional Stroop task with faces, and this relationship was true for women with and 

without Premenstrual Syndrome (Hoyer et al., 2013). The findings of these studies 

suggest that focusing on the phase, as in the current study, may allow more variation in 

emotional processing performance after sleep loss to be accounted for than studies that 

did not consider menstrual phase. As well, follicular women appear to be better at 

discriminating emotional face valence than luteal women.  

 Progesterone has recently been investigated for its specific role in emotion 

processing. In fact, during the luteal phase, there is a greater prevalence of emotional and 

mood disturbance suggesting a possible effect of progesterone (Sundstrӧm-Poromaa, & 

Gingnell, 2014). For instance, progesterone concentrations have been shown to affect the 

relationship between neuroticism and the amplitude of the late positive potential (Zhang, 

Zhou, Wang, Zhao, & Liu, 2015). Women with high neuroticism had higher amplitude of 

LPP for early follicular women than luteal women, but the reverse was true for low 

neuroticism women. As well, there was a negative relationship of the LPP to 

progesterone for positive images in the early stage of the follicular phase. 

 Several studies on progesterone have found relationships between hormone 

concentration and memory performance for emotional stimuli. For instance, women in 

the luteal phase have shown a reduction in recall for negative images (Bayer, Schultz, 

Gamer, & Sommer, 2014; van Wingen, et al., 2007). During learning, follicular women 

showed a larger neural activity increase, but luteal women showed a larger increase in 

amygdala activity to negative images. As well, for positive images, follicular women 
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showed a greater activation in the anterior hippocampus and anterior cingulate, but luteal 

women showed more posterior hippocampus activation (Bayer et al., 2014). On a happy 

and neutral emotional face memory study, women performed worse after an 

administration of progesterone, and progesterone was associated with reduced amygdala 

and fusiform gyrus activation during encoding but increased hippocampus and decreased 

PFC and fusiform gyrus activity during testing (van Wingen et al., 2007). The extent of 

the decrease in activation in these areas was correlated with subsequent memory 

performance. However, an increase in amygdala activity has been connected to 

progesterone in an administration study where follicular women experienced an increase 

in amygdala activity and a decrease in functional connectivity between the amygdala and 

the fusiform gyrus after administration of progesterone (van Wingen et al., 2008). The 

authors suggested that this result was due to progesterone increasing the effects of 

GABA. Van Wingen, Ossewaarde, Bäckstrӧm, Hermans, and Fernández (2011) argued 

that progesterone may increase amygdala response when at average concentrations, but 

decrease it when the concentrations are much higher. In their review they found that most 

studies found an increase in amygdala activity during the luteal phase. In contrast, women 

in the luteal phase had a greater memory for threatening images when they were under 

stress, and the increase in cortisol as the result of extreme cold water played a role in this 

relationship (Felmingham, Fong, & Bryant, 2012). Another study also found increased 

recall accuracy of emotional stimuli in the luteal phase, and an association with 

progesterone concentrations (Ertman, Andreano, & Cahill, 2011). Together, these studies 

suggest that progesterone may be associated with reduced emotion processing 



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 31 

 

performance and increased activity in the amygdala, but also highlight the need for 

continued research.  

 Jones and colleagues (2005) found that women during the mid-luteal phase were 

more likely to select faces that appeared more feminine and healthy, while follicular 

women preferred more masculine faces. The authors interpreted this finding as an 

adaptive response to potential pregnancy with a focus on protecting the fetus and seeking 

women who may be able to assist in pregnancy and with child care. This study was 

supported by another study that found that women with higher concentrations of 

progesterone tended to rate faces displaying fear and disgust as a greater intensity when 

the eyes were averted (Conway et al., 2007). The authors again suggested an increased 

response to threat and potential illness that may be damaging to a pregnancy as an averted 

gaze suggests a health threat in the environment.  

Hormones and Sleep Deprivation 

 Many studies have investigated the impact of sleep loss on hormonal function; 

however, the effects that alterations in hormone concentrations have on behaviour after 

sleep loss is not well studied. The current study will determine if hormone concentrations 

at baseline and after sleep restriction are predictive of the performance deficit 

experienced after sleep loss, particularly with respect to emotional processing.   

Cortisol. Cortisol is dependent on a circadian rhythm, and even during sleep loss 

it will typically continue to be secreted based on its circadian profile. However, extended 

periods of sleep deprivation have been shown to affect the HPA axis and cortisol 

secretion. For instance, 64 hours of sleep deprivation resulted in a decrease in many 

hormones, including cortisol, and the concentrations did not fully recover until after five 
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recovery nights (Akerstedt, 1980).  Cortisol decreases are indicative of an alteration in the 

typical circadian function of the HPA axis. This dysfunction persists even after a night of 

recovery sleep; a day after 40 hours sleep deprivation, cortisol concentrations were lower 

than controls with significantly less secreted at a time (Vgontzas, Mastorakas, Bixler, 

Kales, Gold, & Chrousos, 1998). The authors suggested that this pattern may have been 

due to the increase in slow wave sleep to recover from the deprivation, which has an 

inhibitory effect on cortisol secretion.  

Contradicting findings showed that even before exposure to a stressor, sleep-

deprived individuals had a greater amount of cortisol, but when exposed to the Trier 

Social Stress Test, sleep-deprived individuals had an exaggerated cortisol response even 

after controlling for higher baseline concentrations (Minkel et al., 2014). After 24-hours 

sleep deprivation, cortisol concentrations in men have been found to be elevated (Joo, 

Yoon, Koo, Kim, & Hong, 2012). Another 24-hour sleep deprivation study showed a 

blunting of the CAR and a reduced level of variation across the day, but this circadian 

change normalized by 2 pm (Klumpers, et al., 2015).  

 During sleep restriction, a study found a 19% increase in ACTH in deprived 

participants compared to participants who slept 10 hours for two nights (Guyon, et al., 

2014). Morning concentrations of ACTH were elevated, but cortisol concentrations did 

not show a 30% increase until the first evening and a 200% increase by the second 

evening. Overall, the cortisol variation was dampened, and higher concentrations could 

have resulted from a disruption in typical circadian rhythm (Guyon et al., 2014). 

Similarly, when restricted to sleep from 5-8 am, participants showed lower cortisol 

concentrations than controls but were higher later in the day, again showing a change in 
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the typical circadian pattern (Omisade, Buxton, & Rusak, 2010). Another study with 

participants who slept from 4-8 am found a 15.5% increase after sleep restriction, 

especially later in the day (Reynolds, et al., 2012); there was also a trend for an increase 

in ACTH concentration across the sleep restriction paradigm. Conversely, individuals 

sleeping in the early part of the night for four consecutive nights showed a significant 

decrease in cortisol concentrations, and a greater decrease than when they were permitted 

to sleep in the later part of the night (Wu, et al., 2008). Sleep deprivation seems to largely 

act by changing the typical circadian rhythm of cortisol, rather than simply changing 

levels secreted. The change in typical circadian rhythms due to sleep loss could explain 

the seemingly differential findings of some studies showing increases in cortisol while 

others reporting decreases in circulating concentrations (Joo et al., 2012; Guyon et al., 

2014).  

 In medical professionals, during days where they were on shift, cortisol 

concentrations were highest at midnight and lowest in the morning before the shift; 

however, on days off the lowest cortisol concentrations were around bedtime and highest 

concentrations the morning after (Nakajima, Takahashi, Shetty & Yamaguchi, 2012). 

Generally, medical professionals had higher cortisol concentrations during their work 

days than their free days; it is difficult to determine if the increase is related to the effect 

of sleep loss or the overall effect of a stressful occupation (Nakajima et al., 2012). In 

nurses on a month of day shifts followed by a month of night shifts, the night shifts 

significantly affected their sleep, and the CAR was blunted on the third and fourth night 

of each work week (Niu, et al., 2015). The circadian pattern did not normalize to the 

night schedule until after four shifts, but took only two days to switch to day shifts. The 
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night shift nurses also showed an increased level of cortisol after 12 hours of waking, and 

the authors suggested that exposure to morning light may have helped increase their 

cortisol concentrations.  

  A sleep restriction study in adolescents showed no changes in cortisol after four 

nights of 5,6,7,8 or 9 hours of sleep a night, although there was a trend towards the sleep-

restricted individuals having more cortisol in the morning measurements (Voderholzer, 

2012). However, decreases in cortisol have been found after 5 nights of 5-hour restriction 

in 10 healthy men (Leproult & Van Cauter, 2011). 

Testosterone. Because the release pattern of testosterone is sleep-dependent, it is 

affected by sleep deprivation (Cote, McCormick, Geniole, Penn, & MacAulay, 2013; Wu 

et al., 2011, Kamila, Schmid, Hallschmid, Oltmanns, & Schultes, 2013; Akerstedt et al., 

1980). Decreases in testosterone have been found in 24-hour sleep deprivation studies 

with a 30.4 % decrease in testosterone and a 24% decrease in dihydrotestosterone 

concentrations for 13 men (Cortes-Gallegos, et al., 1983). However, when 8 men were 

deprived for more than 24 hours, testosterone no longer continued to decline after this 

period (Gonzales-Santos, Gaja-Rodriguez, Alonso-Uriarte, Sojo-Aranda, & Cortes- 

Gallegos (1989). Previous research has proposed a connection between sleep loss and 

increased aggression in certain clinical populations (for review see Kamphuis, Meerlo, 

Koolhaas, & Lancel, 2012).  However, Cote et al. (2013) reported a 27% decrease in 

testosterone concentrations after a period of 24 hours sleep deprivation that was 

associated with less reactive aggression in sleep deprived men compared to rested 

controls (Cote, et al., 2013).  
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 Sleep restriction has shown similar, yet more subdued effects of sleep loss on 

testosterone. Ten men who slept only the first half of the night for 8 nights, experienced 

decreased testosterone concentrations by 10-15% (Leproult, & Van Cauter, 2011). 

Another study in 5 men showed that two nights of sleep restricted to the first half of the 

night affected testosterone concentrations but sleep restricted to the second half of the 

night had little effect on blood concentrations of testosterone, or luteneizing hormone 

measured across the day (Schmid, Hallschmid, Jauch-Chara, Lehnert & Schultes, 2012). 

The authors suggested that this finding was due to the relationship of testosterone with 

the first period of REM, and this timing played a large role in concentration (Schmid et 

al., 2012; Luboshitsky et al., 2001). Based on these results, the timing of the sleep 

restriction may be an important factor in observing an effect of sleep loss on testosterone 

concentrations. 

Estradiol and progesterone. A body of research has begun to investigate the 

effect of the menstrual cycle on sleep, although much research remains to be conducted 

(see Lord, Sekerovic, & Carrier, 2014 for review). Many studies have inconclusive 

findings with estradiol and progesterone after sleep deprivation due to a lack of control 

for menstrual phase or use of hormonal contraceptives. In rodents, studies have shown an 

effect of sleep deprivation on the estrous cycle, with differential effects on the different 

phases (Antunes, Anderson, Baracat, & Tufik, 2006). A further study in rats supported 

estradiol and progesterone both as helpful for recovery of REM sleep after sleep loss and 

reduced non-REM sleep (Deurveilher, Rusak, & Semba, 2009).  As well, estrogen 

treatments in castrated male rats allowed them to better withstand the sleep deprivation 
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and required less interventions to awaken the animal (Wibowo, Deurveilher, Wassersug, 

& Semba, 2012).  

 In humans, estradiol has been found to decrease over the first 24 hours awake, and 

continue decreasing from 24 to 48 hours of deprivation (Gonzalez et al., 1989). A study 

on females in different phases found that women in the luteal phase maintained higher 

levels of alertness and cognitive performance after sleep loss when tested very early in 

the morning on spatial processing, and working memory tasks (Wright & Badia, 1999). 

This performance difference by phase led the authors to assume that changes in 

progesterone or estradiol concentrations may have an effect on the degree of deficit 

experienced after sleep deprivation.  

 With a focus on women with premenstrual dysphoric disorder, one study 

investigated the relationship between menstrual phase, cortisol secretion and sleep 

deprivation (Parry, Jareed, Laughlin, Hauger, & Clopton, 2000). In healthy women in the 

late luteal phase, cortisol concentrations peaked an hour earlier than in the mid-follicular 

phase. Women who slept late in the night had 30- minute delays in cortisol 

concentrations. These findings suggest a relationship between sleep loss, menstrual phase 

and HPA axis activity (Parry et al., 2000).  In a study on nurses working the nightshift, 

53% of them experienced alterations in their typical menstrual cycles and these same 

women also exhibited sleep disturbances and difficulties with concentration, suggesting a 

link between sleep and female sex hormones (Labyak, Lava, Turek, & Zee, 2002).   

Aims and Hypotheses of Current Study 

 The current study investigated the role of hormones in the effects of sleep 

deprivation on emotion processing in a short-term sleep restriction paradigm. Recent 
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work has suggested a trait-like vulnerability for performance after sleep loss (e.g., Van 

Dongen & Belenky, 2009), although there is a lack of factors that are able to predict this 

deficit. As well, in review of the literature on the effects of sleep loss on emotion 

processing, it is not clear what factors lead to increased reactivity (e.g., Cote et al., 2013), 

as opposed to blunted emotional responses (e.g., Minkel et al., 2011) after sleep 

deprivation. Thus, this study investigated hormones as predictors of individuals’ 

performance vulnerability after sleep loss. 

 Emotion processing was investigated after one night of sleep restricted to four 

hours (3 am to 7 am), a commonly experienced level of sleep loss. Some research has 

implicated cortisol, testosterone, estradiol, and progesterone in the emotion processing of 

faces and images in well-rested controls (Carre, Baird-Rowe, & Hariri, 2014; Little, 

2013; Derntl et al., 2008; Guapo et al, 2009). This study was the first to examine if some 

of the variation in deficits for emotional face and image processing after sleep deprivation 

is a result of individual differences in baseline hormone concentrations or changes in 

hormones due to sleep loss.  

Hypothesis 1: Effect of sleep restriction on emotion processing. Based on previous 

studies that had shown deficits in emotion processing as a result of sleep loss, it was 

predicted that there would be a group difference in performance on emotional tasks 

between individuals who have slept four hours and those who slept 8 hours (Cote et al., 

2013; Cote et al., 2014; Huck et al., 2008; Van der Helm et al, 2010; Tempesta et al., 

2010; Schwarz et al., 2013; Maccari et al., 2014; Kyle et al., 2014; Guadagni et al., 2014; 

Franzen et al., 2009; Yoo et al., 2007; Gujar et al., 2011; Rosales-Largardes et al., 2012; 

Motomura et al., 2014). Specifically, it was expected that the sleep restriction group 
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would be slower and less accurate than the control group for emotional categories and for 

negative stimuli in particular. As well, it was expected that sleep restricted individuals 

would have a larger N170 ERP to threat-related faces and a larger LPP to emotional 

images than rested controls (Cote et al., 2013; Cote et al., 2014). These amplitude 

changes are reflective of neural reactivity or enhanced information processing of 

emotional stimuli as a result of sleep loss. 

Hypothesis 2: Effects of sleep loss on hormones. Based on the research that has shown 

sleep loss lowers testosterone (Cote et al., 2013; Cortes-Gallegos et al., 1983; Leproult & 

Van Cauter, 2011; Schmid et al., 2012), it was predicted that testosterone would be lower 

in men in the sleep restricted group compared to controls. The effect of sleep loss on 

female hormones was exploratory, as previous studies did not control for phase of the 

menstrual cycle or contraception use, but it was expected that there might be decreases in 

concentration based on decreases across a 24-hour sleep deprivation protocol (Gonzalez 

et al., 1989). Cortisol is affected by sleep loss on longer sleep deprivation paradigms or 

sleep restriction, but it was not expected to show large effects from a subtle sleep 

restriction paradigm (Voderholzer, 2012; Leproult & Van Cauter, 2011; Guyon et al., 

2014; Reynolds et al., 2012). Based on the findings that the CAR may be related to 

anticipation and stress, and that shiftworkers have difficulty in realigning their CAR 

(Clow et al., 2004; Griefahn & Robens, 2010), it was predicted that there would be a 

difference between the sleep restriction and the control group in the CAR. Specifically, it 

was expected that individuals who are sleep restricted would have a blunted CAR 

reflecting a disruption in typical HPA axis function.  
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Hypothesis 3: Relationships between hormones and emotion processing. Central to 

this thesis, hormones were investigated as predictors of performance on emotional 

processing tasks using baseline concentrations, the CAR, and testosterone, cortisol, 

estradiol, and progesterone concentrations following sleep restriction. Specifically, based 

on the literature that shows that high concentrations of cortisol are released under 

conditions of stress, and that testosterone and estradiol are affected by sleep deprivation 

(McCormick, 2007; Cote et al., 2013; Cortes-Gallegos et al., 1983; Leproult & Van 

Cauter, 2011; Schmid et al., 2012; Gonzalez et al., 1989), lower concentrations of 

baseline cortisol, a greater CAR, and higher concentrations of testosterone and estradiol 

were expected to predict performance resiliency, and high concentrations of cortisol, a 

blunted CAR, and low concentrations of testosterone and estradiol to predict a deficit 

following sleep loss. Based on research that suggests a relationship between high 

concentrations of testosterone and increased reactivity to threatening faces (Bos et al., 

2013), it was expected that there would be a relationship between testosterone and threat-

related processing after sleep loss.   

Hypothesis 4: Effects of menstrual phase on emotion processing performance. Based 

on previous research (Derntl et al., 2008; Guapo et al, 2009), it was predicted that there 

would be differences in performance between the menstrual cycle phases on face 

processing accuracy. Specifically, previous research has suggested greater performance 

on emotional face categorization tasks during the follicular phase of the menstrual cycle 

(Derntl et al., 2008; Guapo et al., 2009). Due to increased performance when well rested, 

it is possible that these women would perform better after sleep loss as well (i.e., be 

resilient to the effects of sleep restriction). In the emotion processing literature, 
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progesterone (or being in the luteal phase), has been related to reduced performance on 

emotion processing tasks, and thus it was predicted that progesterone would lead to worse 

performance after sleep loss (Derntl et al., 2008b; Kamboj et al., 2015; Bayer et al., 2014; 

van Wingen et al., 2007).  

Methods 

Participants 

 Ethics clearance was obtained from the Brock University Biosciences Research 

Ethics Board (Appendix A). Participants were recruited from Brock University through 

posters and the Psychology Department’s participant recruitment website. A total of 136 

participants were scheduled for an orientation after the preliminary phone interview. 

Eighteen participants were excluded from participation for elevated mood scores on the 

Beck Depression Inventory. Three more participants were excluded for shifted sleep 

patterns, and one for a head injury. Eighteen participants did not complete the screening 

questionnaires and were unable to be scheduled. During the orientation, 14 participants 

withdrew themselves for time commitments or not attending their orientation session. 

Another five participants were excluded after screening: two for braids or weaves that 

prevented the use of an electrode cap, one for a reporting a depression diagnosis, one for 

daily marijuana usage, and one for severely shifted sleep during the week of baseline 

sleep. Another three participants were removed from the final sample after the full 

protocol was conducted due to not following the study instructions for sleep times for 

their condition.    

The final sample of participants consisted of 74 individuals, including 25 men, 25 

follicular women, and 22 luteal women (see Table 1 for ages) who were randomly 

assigned to a control group (in bed 11 to 7 am) or a sleep restriction group (in bed 3 to 7 
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am) on a single night. The sleep restriction group consisted of 37 individuals (13 men, 13 

follicular women, 10 luteal women), and the control group also consisted of 37 

individuals (12 men, 12 follicular women, 12 luteal women). One woman in each group 

reported being in the active phase on the study day and were removed from analyses 

when the effect of phase was being considered. Phase for women was determined through 

self-report and verified through consideration of concentrations of estradiol and 

progesterone (see Appendix B for data and figure of menstrual phase hormone 

fluctuations). There were no significant differences between the control and sleep 

restriction group on age (p = .404). However, there was a significant age difference 

between men and women (t(39.341) = 2.301, p=.027), and specifically between men and 

luteal women (t(45) = 2.157, p=.036) (see Table 2 for means). However, when split by 

group and sex/phase, there are no differences.  

Table 1. 

Mean Age of Men and Women by Group and Phase. 

 

 

Group Sex/Phase M  Age SD

Whole Sample

Men 21.84 3.10

Follicular 20.44 2.04

Luteal 19.95 2.85

Control 21.02 2.97

Men 22.08 3.29

Follicular 20.67 1.61

Luteal 20.25 3.65

Sleep Restriction 20.48 2.56

Men 21.61 3.04

Follicular 20.23 2.42

Luteal 19.60 1.58
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 Participants reported being healthy, good sleepers, non-smokers, right-handed, 

and were not taking any medications affecting sleep or hormones. They reported no 

psychiatric diagnoses, head injuries, cardiac abnormalities or sleep disorders. Women had 

a regular menstrual cycle and were not taking hormone contraceptives (e.g., pills, 

patches, injectables). 

 There were no group differences in Epworth Sleepiness Scale, Yositoke Fatigue 

or State-Trait Anxiety questionnaires provided before the sleep manipulation. There were 

group differences in Morningness-Eveningness score, t(72)=3.254, p=.002, with control 

participants gaining a higher score indicating more of a morning chronotype as measured 

by the Horne-Ostberg Morningness-Eveningness Scale (Horne & Ostberg, 1976). 

However, there were no group differences on categorizations of morningness-

eveningness (χ2(2) = 3.00, p=.223, see Table 2). Most participants reported being neither 

a morning nor an evening type. 

Table 2. 

Morningness-Eveningness Categorizations by Group 

 

Materials  

Emotional Face Task. Face stimuli were used from the NIMSTIM database 

containing black and white emotional face images (Tottenham et al., 2009). Emotional 

faces were morphed with neutral faces using the Norrkross MorphX software which 

Chronotype Category Control Sleep Restriction Total

Extreme Evening 0 0 0

Extreme Morning 0 0 0

Moderate Evening 3 6 9

Moderate Morning 9 4 13

Neither 25 27 52

Total 37 37 74
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created emotional intensities varying from 20-60% of the full emotion. Eight models (4 

men, 4 women) were used consisting of four different emotional expressions (happy, sad, 

fearful, angry) and neutral faces. Each stimulus was presented for 400 ms with a 1-2 

second inter-stimulus interval (ISI). There were 8 breaks within the task, and the task 

took approximately 40 minutes to complete. Each stimulus was repeated four times 

overall, for a total of 640 presented stimuli (8 models x 5 emotion levels x 4 emotions x 4 

repeats). Participants were asked to indicate which emotion the face was expressing with 

a keyboard button press (D, F, Space, J, K) which was counterbalanced between 

computers, with the space bar always indicating a neutral face.  

Emotional Picture Processing Task. The International Affective Picture System 

(IAPS) contains images of varying emotional valence and arousal levels (Lang et al., 

2005). For this study, negative images were selected that had a valance rating of less than 

3.85, neutral images were between 4.5 and 5.5 and positive images were greater than 7.0. 

Since negative images are inherently more arousing than other images even with the same 

emotional valence, less arousing negative images were selected. IAPS images were 

presented for 1500 ms with 2-4 second ISI. The task had two breaks and took 

approximately 20 minutes to complete. It consisted of 165 stimuli in 3 blocks; each block 

containing 20 positive stimuli, 20 negative stimuli and 15 neutral stimuli that were 

matched on emotional valence.  For negative images, the average valence was 2.71, and 

the average arousal was 5.71. For neutral images, the average valence was 4.98, and the 

average arousal was 2.90. Finally, for positive images, the average valence was 7.49, and 

the average arousal was 4.93 (as seen in Cote, et al., 2014). Participants were asked to 

rate the emotional valence of the images using keyboard responses (D,F, Space, J, K) 
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which were counterbalanced between computers,  to provide ratings of very positive, 

slightly positive, neutral, slightly negative, or very negative responses  

 Questionnaires.  Screening procedures included the Sleep-Wake Questionnaire 

(developed in lab) to ensure healthy sleeping habits, a modified Beck Depression 

Inventory (BDI) to screen for mood disorders (Beck, Steer, & Brown, 1996), the State-

Trait Anxiety Questionnaire (Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983), the 

Fatigue Questionnaire (Yositake, 1978), and Epworth Sleepiness Scale  (Johns, 1991) to 

determine levels of sleepiness and mood. These measures were intended to ensure that 

the participants were healthy and did not show any signs of sleep disorders that could 

confound levels of sleepiness reported after sleep loss.  

 During orientation, women completed a menstrual cycle questionnaire (used with 

permission from Helen Driver, Queen’s University/Kingston General Hospital; see 

Appendix C) to determine current phase of menstrual cycle. A package of emotional 

questionnaires was given to measure emotional style, these include the Behavioural 

Inhibition-Activation Scale (Carver & White, 1994), Barrett Impulsivity Scale (Patton, 

Stanford, & Barrett, 1995), Emotion Regulation Questionnaire (Gross & John, 2003), 

Interpersonal Reactivity Index (Davis, 1980), and the Buss-Perry Aggression 

Questionnaire (Buss & Perry, 1992). On the main study day, additional online 

demographic questionnaires were completed including the International Personality Item 

Pool as a measure of the Big Five personality measure (Goldberg et al., 2006) and Horne-

Ostberg Morningness-Eveningness Scale to determine individual preference for evening 

or morning sleep-wake habits (Horne & Ostberg, 1976) questionnaires.  
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 During the main study, the following questionnaires were administered three 

times to survey subjective mood, alertness, and effort. The PANAS mood questionnaire 

measures positive and negative affect by asking for the rating of 20 adjectives on a 5-

point scale from “not at all” to “extremely felt” (Watson, Clark, & Tellegen, 1988). The 

Stanford Sleepiness Scale (SSS) is a commonly used self-report measure of current 

subjective sleepiness (Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973). The NASA 

effort scale assessed subjective cognitive effort on six dimensions including mental 

demand, physical demand, temporal demand, performance, effort and frustration (Hitt, 

Kirng, Daskarolis, Morris, & Mouloua, 1999). 

 Hormone assays. Estradiol, cortisol and testosterone were measured by saliva 

samples collected in test tubes at five time points: 10:30 pm, 7 am, 7:30 am, 4:00 pm and 

4:30 pm. concentrations of each hormone were analyzed with commercial enzyme 

immunoassay kits (DRG International Inc). These kits use the principle of competitive 

binding of the hormone in the sample compared to a horseradish peroxidase conjugate to 

an antibody on the bottom of the well. Concentration of the sample is determined by 

measuring the absorbance of the sample, with lower absorbance values indicating higher 

concentration samples. Cortisol concentrations were measured in ng/mL and all sex 

hormones were measured in pg/mL. 

 EEG equipment. Electrophysiological recordings were conducted using 

Neuroscan 64 channel Synamps II amplifiers and Scan 4.5.1 software (Neuroscan Inc, El 

Paso). Participants were fitted with a 64-electrode Ag/AgCl quikcap and recordings were 

carried out at a sampling rate of 1000 Hz using DC-200 Hz hardware filters and a 60 Hz 

notch filter. Electrodes were referenced between Cz and CPz with AFz used as a ground. 
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Before analysis of EEG, the recordings were re-referenced offline to an average of the 

right and left mastoid electrodes. A 30 Hz filter was applied for ERP image display.  

Procedure 

 Participants were recruited using posters and online psychology department 

advertisements. They were first given a telephone interview to determine eligibility for 

the study. The phone interview included questions about sleep habits, general physical 

and mental health, menstrual cycle, and demographic information (see Appendix D). 

Participants meeting eligibility requirements were scheduled for an orientation session 

(see Figure 1 for study schedule).  

 

Figure 1. Study procedure from screening through to main study day.  

 During in-lab orientation, participants provided informed consent (see Appendix 

E), and completed online screening questionnaires. Any participant with a BDI score 

higher than 9 was given information on counselling services and was excluded from the 

remainder of the study. For the purpose of a baseline EKG recording, participants then 

had an electrode placed under each clavicle, and one on the lower left ribcage, and had 

their heart rate recorded for a 5 minute baseline recording. Cardiac data were not 
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explored as part of this thesis. They also completed the paper questionnaires about 

emotion and menstrual cycles. Participants were then given a short practice version of the 

performance assessment battery including faces, emotional images, alpha attenuation 

task, and reaction time task, the purpose of which was to provide task instructions and 

provide opportunity for task practice.  

 Between the orientation and main study day, a six to eight day period, participants 

were asked to keep a relatively regular sleep schedule sleeping from approximately 11pm 

to 7am each night, and to record their sleep and activity in diaries. They were also asked 

to wear an Actigraph activity monitor to verify study compliance (Actigraph, Pensacola). 

They provided a baseline 3 mL saliva sample at 10:30 pm the night before returned for 

the main study. On this evening, they were contacted by email or phone and informed of 

their experimental group. If they were in the control group, they slept from 11pm to 7 am, 

and if they were in the sleep restriction group, they slept from 3am-7am. Everyone 

provided a saliva sample at 7 am and at 7:30 am to measure their cortisol awakening 

response. Women were scheduled according to their menstrual phase. Women were 

scheduled in either the Follicular phase, which typically runs from day 7 to 14, or the 

Luteal phase, which runs from day 15-26 of their cycle, where day 1 is the onset of 

menses. 

 On the main study day, participants came to the laboratory from 1pm to 6pm and 

first completed some additional online questionnaires on personality and chronotype (see 

Figure 2 for study schedule). Participants were fitted with an EEG cap and completed the 

first block of paper questionnaires, the PANAS, and the SSS. The main test battery 

started with a second 5-minute heart rate recording at 2 pm. The main battery included an 
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alpha attenuation task which determines physiological arousal based upon the ratio of 

eyes open alpha EEG power to eyes closed alpha EEG power (Stampi, Stone, & 

Michimori, 1995), reaction time task, Emotional Faces Task, and the NASA effort scale 

(Hitt, et al., 1999). After a break, the Emotional Picture Processing task was conducted, 

and participants rated the emotional valence of images as positive, negative, or neutral 

using a five choice response. A second NASA effort scale, PANAS, and SSS was then 

given. The participants were given another 10-minute break, and during this time they 

provided a 3 mL saliva sample. Once the break was finished, participants completed the 

Point Subtraction Aggression Paradigm (PSAP; Cherek, Schnapp, Moeller & Dougherty, 

1996), a task designed to assess reactive aggression, followed by a questionnaire on their 

perceptions of the competitor and provided a second saliva sample. The remaining two 

tasks were an IAPS recognition task, and a Go-No-Go task (Whitney, Hinson, Jackson, & 

Van Dongen, 2014) to measure inhibitory control. PSAP and Go-No-Go data were not 

examined as part of this thesis. Once the main battery was complete, participants were 

debriefed and compensated by either a $60 honorarium or course credit.   
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Figure 2. Order and duration of tasks and questionnaires during the main performance 

assessment battery. 

 

 

1:00 pm Participant Arrival

|

Remaining  Webforms: International Personality Inventory 

Pool and Morningness-Eveningness (20 min)

|

EEG Hook- Up

|

Subjective Sleepiness, Visual Analogue Scale Mood, 

Positive and Negative Affective Schedule, State-Trait 

Anxiety Inventory (6 min)

|

Heart Rate, Alpha Attenuation and Reaction Time (15 

min)

|

Break (10 min)

|

Emotional Face Processing Task and NASA Task Load 

Index (41 min)

|

Break (10 min)

|

Emotional Images (20 min), NASA Task Load Index, 

Subjective Sleepiness Scale, Positive and Negative Affect 

Schedule, Visual Analogue Scale Mood (5  min)

|

Break and Saliva Sample (10 min)

|

Point Subtraction Aggression Paradigm (PSAP: 35 

minutes) and Questionnaire (1 min)

|

Break and Saliva Sample (10 min)

|

Emotional Image Recognition Task (10 minutes), Go-No-

Go (20 min), Subjective Sleepiness Scale, Visual 

Analogue Scale-Mood, Positive and Negative Affect 

Schedule, NASA Task Load Index (5 min)

|

6:00 pm Debriefing



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 50 

 

Data Analysis 

 This thesis focused on hormone data, and the behavioural and 

electrophysiological data from the emotional picture processing task and the Emotional 

Face Task. Groups were first compared on measures commonly affected by sleep loss to 

confirm the expected effects of sleep restriction after a single night. To address the first 

hypothesis of whether there was a difference in performance between the control and 

sleep restriction groups, behavioural data were first compared on accuracy and reaction 

time for emotion tasks. Trials with very long reaction times (greater than 6 seconds for 

faces and 10 seconds for IAPS) were considered invalid. Electrophysiological data were 

analyzed with a focus on the amplitude of the N170 ERP for the Emotional Face task and 

the amplitude of the LPP for the Emotional Picture Processing task, the components most 

commonly associated with the tasks. The N170 is an early ERP that indicates the 

encoding of facial features and can vary with emotional valence (Rossion & Caharel, 

2011). The LPP is considered an index of allocation of attention to stimuli (Liu et al., 

2012) The N170 was analyzed at PO8 where it is typically observed as largest on the 

scalp in research and the current data, but the peaks were selected at neighbouring sites as 

well (PO4, PO6, P8, P6, and P4). Peaks were selected between 100 and 300 ms. In grand 

averages for both groups and most participants, amplitudes were largest on the right side 

of the scalp, and thus analysis focused on the right side. The amplitude of the LPP was 

measured by taking the average amplitude from 400-800 ms. The amplitude of the LPP at 

CPz was used in statistical analyses, but neighbouring sites and regions of interest of the 

central-parietal electrodes were also examined for effects. To analyze ERPs, EEG data 

were epoched within each task from -100 to 900 ms around all discrete categories of 
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stimuli. A baseline correction was applied to the pre-stimulus interval (-100 to 0 ms). Eye 

movement artifacts were removed using regression technique in the Scan 4.3.1 software. 

A 30 Hz software filter was applied for display only for both the faces and the emotional 

images. Refer to Appendix F for data on number of trials and latency.  

Statistical Analysis. All variables were examined for the presence of outliers and 

violations of normality. For variables that violated the assumption of normality, a square 

root transformation was applied and used in all further statistical tests after verification 

that the transformation corrected normality concerns. This transformation was applied for 

reaction time and accuracy data, and cortisol, progesterone and estradiol. The mean 

reaction time, and standard deviation variables required a log10 transformation and the 

inverse was taken for the 10% slowest values to create a new variable. Figures are 

displayed with non-transformed data to show the relationship on the appropriate scale for 

ease of interpretation. For violations of homogeneity of variance or sphericity, the 

appropriate statistical corrections, the Greenhouse-Geisser, was applied in all relevant 

models.  

To examine differences between the sleep restriction and the control groups a 

mixed model ANOVA [Group (Control, SR) by Emotion Type (3 IAPS images or 4 

facial expressions)] was conducted for behavioural and electrophysiological data. For 

consideration of Sex (2) and Phase (2), they were added into the ANOVA as an extra 

level in separate analyses. A mixed model ANOVA (Group (C, SR) by Time (10:30 pm, 

7:00 am) was used to determine the effects of sleep loss on hormones. To address the 

second hypothesis of whether the CAR was different between the two conditions, a 

Group (C, SR) by Time (7am, 7:30 am) ANOVA was conducted in the full sample. As 
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the CAR is a very time sensitive measurement and there is variability in home sampling, 

only participants who actually showed a cortisol awakening response were included when 

focusing on the CAR in a separate independent t-test (17 Controls, 19 SR).  

Testing the remaining hypotheses included the use of correlation and regression 

analyses to determine the predictive ability of the hormone variables in emotion 

processing. To ensure a sufficient number of ERP trials for a reliable average, the 40-

60% morph levels of faces were combined. Behavioural accuracy was too low for the 

20% and 30% morphness levels to obtain reliable ERPs. As a result, behavioural data 

were also examined in the 40-60% combined data for comparison and clarity. There was 

an effect of morph level in the data, which is displayed in the results, but the morph levels 

served as a manipulation of difficulty and were not of specific interest in this thesis.  

For the hormone data, due to a sex difference on cortisol (see Results), 

investigation of relationships between cortisol and performance was conducted separately 

in men and women; this separation was also done to be consistent with the separation of 

men and women for sex hormones. In these analyses, the 4:30 time point was excluded 

due to being sampled directly after the PSAP aggression task which was expected to 

impact hormone concentrations. The 10:30 pm sample served as a baseline measurement 

of hormone concentration before manipulation. The 7 am sample was used to measure the 

effect of sleep restriction on concentrations, while the 7:30 am sample was of specific 

interest for the CAR. The 4:00 pm sample was included in analyses because it occurred 

closest in time to the emotional tasks, and thus was the closest approximation to their 

hormone concentrations at the circadian time of task performance. To determine the 

effect of hormones on performance, moderation analyses and bivariate correlations were 
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implemented (see Figure 3 for model). The moderation analyses tested the relationship 

between group and the performance outcome and included the hormone as a moderator. 

These analyses were also performed with sex and phase as second moderators in separate 

analyses. Outliers were removed from the regression analysis after consideration of 

Cook’s Distance, leverage, and residuals; specific cases removed are mentioned in the 

results section.  

 

Figure 3.  Moderation model used to test role of hormones in the relationship of group 

and emotional performance outcome.  

Results 

Did One Night of Sleep Restriction Lead to Waking Impairment? 

 To determine whether four hours of sleep restriction was sufficient to produce the 

anticipated effects, t-tests were performed on mood (e.g., Visual analog scales and 

PANAS), sleepiness (SSS), and reaction time. As well, several variables from the sleep 

diaries and Actigraphy monitors were analyzed to compare groups on sleep variables. 

Participants provided an average of 5.08 days of diary data in the control group before the 

manipulation night compared to 4.78 in the sleep restriction group (p  > .05). There was 

no significant difference between groups on total sleep time reported on the diaries from 

the average of day one to six (t(67) = -.368, p = .714). Confirming the SR manipulation, 
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there was a significant difference between the control (M = 7.63 hours) and sleep 

restriction groups (M = 3.99 hours) on their subjective total sleep time from diaries on the 

sleep manipulation night, t(64) = 36.585, p < .001). According to Actigraph watch data, 

there was also no difference between groups on total sleep time from the average of day 

one to six (t(61) = .683, p = .497). While on the manipulation night, control participants 

obtained significantly more sleep (6.53 hours) than sleep restriction participants (3.67 

hours), (t(57)= 18.658, p<.001). The experimental manipulation therefore was successful 

in reducing total sleep time according to the diary and Actigraph data.  

Groups also differed on measures of subjective mood and reaction time as 

expected (see Table 3). 
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Table 3. 

Effects of Sleep Manipulation on Subjective Mood, and Reaction Time 

 

Sleep restricted participants reported feeling significantly more irritable, sad, 

sluggish, tense, and sleepy. They also reported feeling significantly fewer positive 

emotions but had no difference in negative feelings. Sleep restriction also resulted in 

significantly more variable reaction times, and slower reaction times when considering 

participant’s 10% slowest trials, but no difference on mean reaction time.  

How Did Sleep Restriction Affect Emotion Processing?  

Behavioural Data: Faces. Three participants were excluded from all subsequent 

face data analyses: two for falling asleep during the task, and one for very low accuracy. 

Scale M SD M SD t p

2:00 PM

VAS:Calm-irritable 10.62 13.02 16.67 12.73 - 2.01 0.049 *

VAS: Happy-Sad 13.38 12.39 24.42 18.33 - 3.01 0.004*

VAS: Energetic-Sluggish 27.05 20.74 57.81 22.24 - 6.11 <.001*

VAS:Relaxed-Tense 12.27 12.52 22.33 15.84 - 3.01 0.004*

Subjective Sleepiness 1.89 0.70 3.42 1.18 - 6.69 <.001*

PANAS: Positive 34.19 7.15 26.94 8.76 3.83 <.001*

PANAS: Negative 11.46 1.92 11.73 2.09 -0.579 0.565

STAI: State 27.08 6.45 31.41 6.33 - 2.896 0.005*

Mean Reaction Time (RT) 252.81 34.14 266.68 31.88 -1.90 0.061

10% Slowest RT (ms) 338.69 68.41 401.47 117.02 3.113 0.003*

Standard Deviation of RT 41.54 18.42 64.32 50.01 - 3.15 0.002*

3:30 PM

VAS:Calm-irritable 20.76 20.21 32.14 20.67 - 2.39 0.019*

VAS: Happy-Sad 20.95 14.63 34.46 18.69 - 3.46 0.001*

VAS: Energetic-Sluggish 40.65 24.73 62.97 23.57 - 3.97 <.001*

VAS:Relaxed-Tense 20.11 18.73 32.84 20.92 - 2.76 0.007*

Subjective Sleepiness 2.59 1.17 3.86 1.25 - 4.52 <.001*

PANAS: Positive 29.57 8.73 22.64 7.53 3.63 0.001*

PANAS: Negative 12.11 2.13 12.5 3.31 -0.603 0.548

Controls Sleep Restriction
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See Figure 4, and Table 4 for effect of morph levels across the face types. A Group (2) by 

Face (4) ANOVA on the average of the 40-60% morph levels yielded a significant main 

effect of Face (F(3,207) = 119.09, p < .001) and a trend for a main effect of Group 

(F(1,69)= 3.942, p =.051). Bonferroni post-hoc tests on the main effect of Face showed 

significant mean differences between all comparisons of happy (M = 90.81, SD = 8.77), 

sad (M = 65.75, SD = 13.30), fearful (M = 76.58, SD= 13.99), and angry faces (M = 

70.03, SD = 14.64), suggesting statistically significant differences in accuracy between 

each emotion pair. T-tests were also conducted due to hypotheses about specific facial 

expressions based on previous research. These tests yielded a significant difference 

between control (M=69.05, SD=11.52) and sleep restriction (M = 62.45, SD =14.24) on 

sad faces t(69)= 2.051, p = .044, and a trend for angry faces (t(69)= 1.732, p = .088) (see 

Figure 5). A Group (2) by Face (4) by Sex (2) ANOVA yielded no significant 

interactions, and there were no effects of phase within women on face categorization 

accuracy. 
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Figure 4.  Morph by Group interaction for emotional faces collapsed across emotion type. 

Solid line illustrates controls, and broken line illustrates sleep restriction. Note. Excluded 

from analysis KH102, VS51, KE64. Error bars are +/- 1 SE. Note the low accuracy at 20 

and 30%, and the group differences evidence at 40 to 60% morph levels. 

Table 4. 

Group Means and Standard Deviations by Morph Level 

 

 

 

Face Type Morph Level Control M Control SD SR M SR SD

Happy 20% 24.45 14.63 29.22 15.55

30% 60.34 17.90 62.17 17.03

40% 86.81 10.83 84.06 14.01

50% 93.03 8.65 91.65 9.83

60% 95.34 5.33 94.00 8.76

Sad 20% 22.71 10.79 18.77 9.29

30% 34.19 12.21 33.30 13.91

40% 53.11 14.18 48.99 15.87

50% 72.81 12.66 64.71 15.05

60% 64.71 15.05 81.22 11.81

Fearful 20% 29.58 12.16 26.12 13.21

30% 49.22 16.68 46.43 17.40

40% 74.11 15.58 67.93 16.35

50% 80.20 12.74 74.94 17.41

60% 82.44 13.04 79.85 14.22

Angry 20% 14.68 7.45 14.76 13.97

30% 32.34 9.54 28.76 16.48

40% 55.53 14.28 50.39 20.38

50% 77.53 12.37 69.04 18.46

60% 87.26 10.52 80.41 15.57
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Figure 5. Group differences on emotional face categorization accuracy collapsed across 

the 40-60% morphness levels. Significant group differences found for sad faces. Note. 

Excluded from analysis KH102, VS51, and KE64. Error bars are +/- 2 SE.  

 A Group (2) by Face (4) ANOVA on the average of the 40-60% morph of 

reaction time showed no significant interactions. When including sex in the model, Group 

(2) by Face (4) by Sex (2), there was a trend for a Group by Sex interaction F(1,67) = 

3.447, p = .068 (see Figure 6). Follow-up t-tests showed no significant group differences 

for men or women on emotional reaction time, although the means indicate that it was the 

men who tended to be slower when sleep deprived. There was no effect of phase.  

* 
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Figure 6. Trend for interaction of gender and sex for reaction time collapsed across 

emotional image type. Solid line illustrates controls, and broken line illustrates sleep 

restriction. Note. Error bars are +/- 1 SE.  

 Overall, sleep restricted participants had a reduced face categorization accuracy 

for sad faces and tended to perform worse on angry faces.  

Electrophysiology Data: Faces.  Ten participants were excluded from the ERP 

analysis due to poor ERP peak data or being statistical outliers. Two participants were 

excluded on one emotion only, sad and happy respectively; their data were deleted from 

the dataset for these emotions. See Figures 7-10 for N170 waveforms; N170 amplitudes 

were measured at PO8. A Group (2) by Face (4) mixed model ANOVA was implemented 

to test the effect of sleep restriction on the amplitude of the N170 at PO8. The results 

yielded a significant Group by Face interaction (F(3,180) = 3.461, p = .018) (see Figure 

11). Follow- up t-tests were conducted to compare groups at each face type. There was a 

trend for groups to be different on happy (t(61) = 1.916, p = .061) and sad face 
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amplitudes (t(61) = 1.951, p = .056), but not for angry and fear. In both emotions, the 

sleep restricted group (Happy: M = -1.85, SD = 6.11; Sad: M = -2.02, SD = 5.98) 

displayed a greater amplitude than controls (Happy: M = .695, SD = 4.24; Sad: M= .567, 

SD=4.39). To follow up on the significant interaction further, a repeated measures 

ANOVA in the sleep restriction group only yielded a main effect of emotion (F(3,87) = 

3.916, p = .011). There was no main effect of emotion in the control group (F(3,93) = 

1.965, p = .125). A paired samples follow-up t-test indicated a difference between fear 

(M= .789, SD=4.102) and angry (M= -.193, SD= 4.51) amplitudes in the controls (t(31) = 

2.053, p = .049). In the sleep restriction group, happy was larger than fear (t(30) = -2.209, 

p = .035), sad was larger than angry (t(30) = 2.493, p = .018), and sad was larger than 

fear (t(30)= -2.885, p= .007). The inclusion of gender, and then phase into the model did 

not produce any significant interactions for N170 amplitude.  

 

Figure 7. Waveforms for N170 at PO8 for happy faces. Broken line is sleep restriction 

and solid line is controls. Note. A 1-30 Hz 6dB filter removes late long potential but 

maintains group relationships at early components for all emotions. 
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Figure 8. Waveforms for N170 at PO8 to sad faces. Broken line is sleep restriction and 

solid line is controls.  

 

Figure 9. Waveforms for N170 at PO8 to fearful faces. Broken line is sleep restriction 

and solid line is controls.  
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Figure 10. Waveforms for N170 at PO8 for Angry faces. Broken line is sleep restriction 

and solid line is controls. 

 

Figure 11. Interaction of Group by Emotion for N170 amplitude at PO8. Solid line 

illustrates controls and broken line illustrates sleep restriction. Note. Error bars are +/- 1 

SE. 

 Although the P1 component was not central to the hypotheses, after consideration 

of the ERP figures, analysis was conducted on the P1 and N170 for effects of sleep loss. 
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In a Group (C,SR) by Face (4) ANOVA, there was no significant main effects or 

interactions with P1 amplitude alone at PO8. In a Group (C,SR) by Face (4) by ERP 

(N170, P1) ANOVA, there was a trend for a Face by Group interaction (F(3,180)= 2.381, 

p =.071). Follow-up analyses were a Group (C,SR) by ERP (N170, P1) ANOVA for each 

face type. For Happy faces, there was a trend for a main effect of group with SR being 

more negative on both components (F(1,61) = 2.824, p = .098). For Sad faces, there was a 

trend for an interaction of Group by ERP (F(1,61) = 3.059, p = .085). T-tests showed no 

group differences on P1 for sad faces and the previously reported trend for group 

differences on N170 amplitude. There were no group differences for Fear or Angry.  

Behavioural Data: Emotional Pictures. Two participants were excluded from 

all subsequent IAPS analysis for very low behavioural performance. A Group (2) by 

Emotion Type (3) ANOVA resulted in a trend for a main effect of Group, with the sleep 

restricted individuals showing lower levels of agreement on emotional valence (F(1,70) = 

3.03, p = .086). The inclusion of gender in the model did not yield any significant 

interactions. A Group by Emotion by Phase ANOVA for accuracy yielded significant 

effects; there was a main effect of Emotion Type (F(2,84), = 20.469, p = <.001), and an 

interaction of Group by Phase (F(1,42),= 4.134 p =.048) (see Figure 12). Follow-up t-

tests showed that after sleep restriction, luteal women (M = 79.04, SD = 7.17) showed 

lower performance than luteal controls (M = 87.10, SD = 4.51) when collapsed across 

emotion type, (t(19)= 3.161, p =.005). The follow-up paired t-test on Emotion Type 

showed that overall, participants were more accurate for negative images than neutral 

(t(71) = - 4.01, p < .001) or positive (t(71) = -3.19, p = .002) (See Figure 13 for the 

addition of men for comparison).  
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Figure 12. Interaction of Group by Phase for categorization accuracy collapsed across 

emotion type. Note. Excluded from analysis AG85. Error bars are +/- 1 SE. 

 

Figure 13. Interaction of Group by Phase/Sex for categorization accuracy collapsed 

across emotion type; men included for comparison, illustrating that the Follicular women 

* 
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appear more resilient than either the Luteal women or the men. Error bars are +/- 1 SE. 

Note, men did not differ by group, similar to follicular women. 

 For reaction time, there was no effect of sleep restriction when testing a Group (2) 

by Emotion Type (3) ANOVA. There was also no effect when adding Sex or Phase into 

the model.  

Electrophysiology Data: IAPS. Two participants were excluded from the LPP 

analysis for having too few trials in averages (see Figures 14 & 15 for waveforms). A 

Group (2) by Emotion Type (3) ANOVA resulted in a significant Group by Emotion 

interaction (F(2,138) = 3.414, p = .036) at Cpz (see Figure 16); this interaction was also 

significant at C1 (F(2,138) = 3.302, p = .04), C4 (F(2,136)= 3.400, p = .036), and P2 

(F(2,140) = 3.124, p =.047) and was a trend at Cz (F(2, 138) = 2.637, p =.075), C2 

(F(2,140) = 2.839, p =.062, CP1 (F(2,136) = 2.458, p = .089), and CP2 (F(2,138)= 2.853, 

p = .061). Follow-up independent t-tests for the three emotion types yielded no 

significant group differences. To further explore the significant interaction, a difference 

score was calculated between negative and neutral, and positive and neutral amplitudes 

(see Figure 16 for means plot). This figure illustrates that the nature of the interaction is 

reflected in the difference between positive and neutral. T-tests showed that sleep 

restricted participants had a greater difference between their amplitude to positive and 

neutral images than controls at CPz, Cz, CP2, P2, C1, C2 and C4 (see Table 5). A Group 

(2) by Emotion Type (3) by Sex (2) ANOVA revealed a main effect of sex, such that 

women had a higher LPP amplitude than men regardless of group (F(1,67)=7.836, 

p=.007) (see Figure 17). There was no effect of phase in the model. 
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Figure 14. Waveforms for LPP at CPz for control participants. Solid line indicates 

positive images, dashed line indicates negative images, and dotted line indicates neutral 

images. Note the typical pattern in controls where the LPP is largest for negative, then 

positive, then neutral images. 

  

Figure 15. Waveforms for LPP at CPz for sleep restricted participants. Solid line 

indicates positive images, dashed line indicates negative images, and dotted line indicates 
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neutral images. Note the different pattern of the LPP in sleep restricted participants, 

where the LPP is larger for positive (relative to neutral) similar to the negative (relative to 

neutral). 

 

 

Figure 16. Group by emotion interaction at Cpz. Solid line indicates control and broken 

line indicates sleep restriction. Note. Error bars are +/- 1 SE. Note the group difference 

apparent in the LPP amplitude to positive relative to neutral images. 

Table 5. 

Difference score between Positive and Neutral LPP Amplitudes at Various Sites 
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Figure 17. Main effect of sex on LPP amplitude at CPz. Grey broken line indicates men 

and black line indicates women. Note. Error bars are +/- 1 SE.  

 In summary, on emotional face processing, sleep restricted participants had lower 

accuracy than controls for sad face categorizations, as well as a trend for lower accuracy 

for angry faces. Sleep restricted participants also tended to have a larger N170 ERP 

amplitude than controls for happy and sad faces, but uniquely had larger N170 

M SD M SD t df p

Cpz 2.40 3.41 4.73 4.68 -2.391 69 0.020*

Cz 2.15 3.28 4.24 5.03 -2.067 69 0.042*

CP1 2.82 3.89 4.52 4.06 -1.780 68 0.079

Cp2 2.25 3.27 4.42 4.77 -2.229 69 0.029*

P2 2.29 3.78 4.59 4.43 -2.379 70 0.020*

Pz 2.81 3.58 4.58 4.72 -1.778 69 0.080

C1 2.21 3.30 4.01 3.62 -2.200 69 0.031*

C2 1.74 3.47 3.85 4.75 -2.154 70 0.035*

C4 1.38 2.75 3.18 4.01 -2.174 68 0.033*

Sleep RestrictionControl
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amplitudes to sad compared to fearful faces. For emotional images in the IAPS task, 

luteal women showed a decrease in performance after sleep restriction behaviourally, and 

the sleep restriction group had a larger LPP amplitude for positive relative to neutral 

images compared to controls.  

What was the Effect of One Night of Sleep Restriction on Hormones?  

Cortisol. One statistical outlier was excluded from all subsequent cortisol 

analyses for being greater than three standard deviations above the mean for multiple 

measurements. See Figure 18 for circadian profile of cortisol by group. A mixed model 

Group (2) by Time (10:30 and 7:00am) ANOVA yielded a significant Group by Time 

interaction (F(1,68) = 6.283, p = .015; see Figure 19). Follow up t-tests showed a trend 

for group differences at 7 am (t(69) = 1.724, p = .089), but no differences at 10:30 pm 

(t(68) = -1.094, p = .278). Including sex in the model, a Group (2) by Sex (2) by Time 

(10:30, 7am) model yielded a main effect of Sex on the difference over the night 

(F(1,66)= 17.919, p < .001) (see Figure 20 for effect of sex across circadian profile). As a 

result, subsequent cortisol analysis was divided between men and women; this separation 

was also done to mirror the separation by sex for the sex hormones.  
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Figure 18. Circadian profile of cortisol across time. Solid line shows controls and broken 

line is sleep restriction. Note. Excluded from analysis DX86, and error bars are +/- 1 SE.  

 

Figure 19. Effect of sleep restriction on cortisol change over the night. Solid line is 

controls and broken line is sleep restriction. Note groups tended to differ at 7:00 am, but 

not at the 10:30 pm baseline illustrating a trend for an effect of sleep loss on cortisol. 
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Figure 20. Main effect of sex for cortisol across time. Solid line shows women and 

broken line shows men. Note. Error bars are +/- 1 SE. 

 To analyze the cortisol awakening response, participants were sorted based on 

whether they had experienced an increase between 7 am and 7:30 am (16 control, 19 

sleep restriction); there was no difference between groups in an independent samples t-

test.    

Men. A Group (2) by Time (10:30 pm, 7 am) repeated measure ANOVA yielded 

a significant interaction within men (F(1,22) = 6.16, p = .021) (see Figure 21). Follow-up 

t-tests showed significant group differences at 7:00am (t(22) = 2.767, p =.011), but not at 

the 10:30 baseline. Similarly, an independent t-test showed a significant group difference 

on the change in cortisol over the night difference score (t(20) = 2.343, p = .034) in men. 

A Group (2) by Time (7 am, 7:30 am) repeated measures ANOVA also yielded a 

significant interaction for the CAR, (F(1,22)= 5.554, p = .028) (see Figure 21). Follow-up 

t-tests showed a group difference at 7 am (t(22) = 2.767, p = .011) but no difference at 
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7:30 am (t(22) = -.286, p = .777). A t-test on the difference score showed that sleep 

restricted men had a larger CAR when all men were included, regardless of whether they 

showed a CAR due to very small sample sizes (2 controls and 5 SR who showed a CAR) 

(t(22) = -2.173, p = .041).  

In summary, in men, there were group differences for cortisol at 7 am, the 

increase over the night, and the difference between 7 and 7:30 am (the CAR). 

  

Figure 21. Group differences in cortisol over the night (left) and from 7:00 to 7:30 am 

(CAR) in men only. Solid line is controls, and broken line is sleep restriction. Error bars 

are +/- 1 SE. Note sleep restriction blunts cortisol increase over the night. 

Women. In a Group (2) by Phase (2) by Time (10:30, 7 am) ANOVA to test for 

the effects of sleep restriction, there were no group effects, and only an interaction of 

Phase and Time (F(1,40)= 15.453, p <.001); follicular women (M=3.93) showed a greater 

increase over the night than luteal women (M = 1.53) regardless of group. A Group (2) by 

Phase (2) by Time (7:00 am, 7:30 am) ANOVA yielded a significant three way 

interaction for CAR, (F(1,41)= 6.197, p= .017). Follow-up t-tests showed a group 

difference on CAR in luteal women only (t(10)= - 2.39, p =.038) with sleep restricted (n= 
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7, M=3.85, p = .89) luteal women showing a larger response than luteal controls (n = 5, 

M= 2.58, SD= .93). However, in a Group (2) by Phase (2) by Time (4) ANOVA, there 

was a three way interaction for cortisol, (F(3,114)=4.790, p=.008) (see Figure 22). Post-

hoc t-tests showed no group differences in cortisol within follicular women, but a 

difference at 7:30 am within luteal women (see Table 6 for means). For interest, there 

was also a Phase by Time interaction (F(3,114) = 6.777, p=.001) (see Figure 23 for effect 

of phase on cortisol circadian rhythm).  

 

  

Figure 22. Interaction of cortisol sample time and Group for follicular women (left) and 

luteal women (right). Solid line shows controls and broken line is sleep restriction. Note. 

Error bars are +/- 1 SE. Note. Sleep restricted luteal women had a greater concentration at 

7:30 and a larger cortisol awakening response than controls.  

Follicular Luteal 
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Figure 23. Phase by cortisol interaction within women collapsed across group. Solid line 

is follicular women and broken line is luteal women. Note. Error bars are +/- 1 SE. Note 

follicular women had a larger increase over the night than luteal women.  

Table 6. 

Effect of Sleep Restriction on Cortisol in Women by Phase. 

 
Note. Cortisol concentrations in ng/mL. 

Control Sleep Restriction

Phase Timepoint M SD M SD t p

Follicular

10:30 PM 2.84 0.66 3.05 1.21 -0.453 0.655

7:00 AM 7.14 2.49 6.45 3.05 0.713 0.483

7:30 AM 8.44 3.45 6.43 2.49 1.706 0.101

4:00 PM 3.33 1.61 2.92 0.78 0.63 0.535

Luteal

10:30 PM 3.02 0.96 3.54 1.26 -1.01 0.325

7:00 AM 4.73 1.14 4.9 1.03 -0.374 0.712

7:30 AM 5.62 1.83 7.98 2.4 -2.407 0.027*

4:00 PM 3.35 0.69 3.59 1.14 -0.471 0.643



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 75 

 

In summary, within women, there was an effect of menstrual phase on cortisol 

concentration collapsed across group, and an effect on the cortisol response to sleep 

restriction. Luteal women who were sleep restricted displayed a larger CAR than control 

luteal women.  

Testosterone in Men. See Figure 24 for circadian rhythm of testosterone by 

group. With only the baseline and 7:00 am time points, there was a significant interaction 

between Group and Time (F(1,21) = 5.643, p= .027) (see Figure 25). Follow-up t-tests 

showed significant group differences at the 7:00 am (t(21)=2.332, p=.03), but not at 

10:30 baseline. As well, there was an increase in testosterone over the night when 

compared as a difference score (t(21)=2.375, p=.027) (see Table 7).  

 

Figure 24. Circadian profile of testosterone by group. Solid line denotes controls and 

broken line is sleep restriction. Note. Error bars are +/- 1 SE.  
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Figure 25. Effect of sleep restriction on baseline and morning testosterone. Solid line is 

controls, and broken line is sleep restriction. Note. Error bars are +/- 1 SE.  

Table 7. 

Mean Testosterone by Group across Circadian Rhythm  

 
Note. Testosterone concentrations in pg/mL. 

Estradiol and Progesterone in Women. For the female sex hormones, one 

control follicular woman, and two sleep restricted luteal women were excluded due to 

having z-scores over 3 standard deviations on multiple time points for their group and 

Control

Testosterone 

Sample Time M SD M SD

10:30 PM 45.39 17.58 43.78 15.69

7:00 AM 82.93 20.36 64.26 18.04

7:30 AM 60.34 19.76 55.95 15.87

4:00 PM 42.66 22.95 50.4 29.90

4:30 PM 40.55 25.07 57.57 32.26

Change over

 the Night 37.54 18.33 19.81 17.46

Sleep Restriction
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phase. These women were excluded from all subsequent analyses with these hormones. 

Two other participants (one control luteal, and one sleep restricted luteal) had one 

hormone sample removed that was greater than 3 standard deviations above the mean. 

Mixed model ANOVAs with Group and Phase yielded no significant interactions. There 

were no group differences on any time points for estradiol or progesterone, or the average 

daily measure of progesterone and estradiol (see Table 8, Figure 26 & 27). There were 

significant differences in progesterone between the two menstrual phases at each time 

point as expected, but not in estradiol.  

Table 8.  

Differences by Group and Phase for Female Sex Hormones  

 

Group Phase Estradiol

10:30 PM 7:00 AM 7:30 AM 4:00 PM Average

Control (M ) Follicular 1.93 2.29 1.71 2.49 2.18

Luteal 2.91 2.93 2.59 2.60 2.88

Sleep Restriction (M ) Follicular 2.40 2.22 2.70 2.55 2.49

Luteal 2.97 3.24 2.60 3.80 3.62

t-Value by Group Follicular -0.52 0.07 -1.20 0.13 -0.43

Luteal -0.44 -0.29 -0.08 -1.60 -0.78

Total Sample (M) Follicular 2.20 2.25 2.25 2.52 2.35

Luteal 2.93 3.06 2.59 3.08 3.18

t-Value by Phase -1.06 -1.32 -0.58 -1.16 -1.45

10:30 PM 7:00 AM 7:30 AM 4:00 PM Average

Control (M ) Follicular 40.57 44.31 42.93 34.63 39.66

Luteal 67.58 67.27 76.80 70.50 71.21

Sleep Restriction (M ) Follicular 29.57 35.16 36.45 30.04 32.06

Luteal 87.12 76.93 80.20 71.68 78.58

t-Value by Group Follicular 1.58 1.58 1.37 1.35 1.90

Luteal -1.23 -0.60 -0.20 -0.04 -0.53

Total Sample (M) Follicular 34.35 39.35 39.42 32.14 35.54

Luteal 75.40 71.14 78.06 70.97 74.16

t-Value by Phase -5.65** -4.23** -4.39** -5.19** -5.52*

Progesterone
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Note. *= p<.05, **=p<.001 

 

Figure 26. Estradiol concentrations by group and phase for women. No differences 

between menstrual phases on estradiol.  Note. Error bars are +/- 1 SE.  

 

Figure 27. Progesterone concentrations by group and phase for women. Women in the 

luteal phase have higher progesterone. Note. Error bars are +/- 1 SE.  
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Are Hormone Concentrations Predictive of Performance on Emotional Processing 

Tasks after Sleep Restriction? 

Cortisol. Correlations were conducted between all samples of cortisol and the 

emotional behavioural data. Due to the gender differences on cortisol, relationships of 

cortisol and performance were conducted separately by gender, and followed up in the 

separate menstrual phases in women.  

Men.  Within men, there were significant positive correlations with baseline 

cortisol and sad and fear face categorization accuracy in the sleep restriction group (see 

Table 9 and Figure 28), such that more cortisol at baseline was associated with greater 

accuracy on sad and fear face categorizations after sleep loss. There was also a significant 

negative correlation with morning cortisol and angry accuracy in the sleep restriction 

group, such that men who were low in cortisol in the morning had a greater accuracy on 

angry faces (see Figure 29). 

  
Figure 28. Relationships between baseline cortisol and accuracy to sad and fearful faces 

in sleep restriction group. More cortisol at baseline was associated with greater 

performance. Note. DG31 and CK22 removed. 
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Figure 29. Relationship of morning cortisol after sleep restriction with accuracy to angry 

faces. More cortisol was associated with worse performance in the sleep restriction 

group. Note: RP08 removed.  

Table 9. 

Correlations of Cortisol and Face Accuracy and Reaction Time in Men.  

 

Note. * = significant correlation (p< .05) Cortisol measured in ng/mL. 

 For electrophysiology data for the Emotional Faces task, men had significant 

correlations with the amplitude of the N170 to all emotions and cortisol at 4 pm: the 

sample closest in time to the task (see Table 10 & Figure 30 & 31). In moderation 

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Change 

over 

the Night

Happy Accuracy

 40-60% 0.331 0.354 0.111 0.569 0.042

Happy Accuracy

 40-60% 0.349 0.313 0.264 0.335 0.316

Sad Accuracy

 40-60% -0.436 0.019 0.260 -0.121 -0.128

Sad Accuracy

 40-60% .581* -0.377 -0.026 0.198 -0.388

Fear Accuracy 

40-60% -0.103 -0.129 0.452 0.353 0.400

Fear Accuracy 

40-60% .627* -0.491 -0.112 0.131 -0.428

Angry Accuracy

 40-60% -0.253 0.116 0.044 0.169 0.087

Angry Accuracy

 40-60% 0.381 -.605* -0.412 -0.017 -0.548

Happy Reaction Time

 40-60% -0.342 -0.018 -0.181 -0.183 0.230

Happy Reaction Time

 40-60% -0.230 -0.192 0.028 0.026 -0.215

Sad Reaction Time

 40-60% -0.066 0.320 -0.245 -0.055 0.406

Sad Reaction Time

 40-60% -0.385 -0.088 -0.080 -0.178 -0.158

Fear Reaction Time

 40-60% -0.236 0.308 -0.383 -0.209 0.461

Fear Reaction Time

 40-60% -0.328 0.053 0.254 0.021 -0.042

Angry Reaction Time 

40-60% -0.086 0.211 -0.352 -0.183 0.332

Angry Reaction Time 

40-60% -0.489 -0.034 0.176 -0.178 -0.036
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analysis, there was a significant interaction between group and 4:00 pm cortisol for the 

N170 to Happy images (F(1,18) = 5.91, p= .026). Simple effects showed the relationship 

to be present for men with low concentrations of cortisol (t=-2.23, p =.038). There was 

also a significant interaction between group and 4:00 pm cortisol for the N170 to sad 

images (F(1,18)= 10.93, p= .0039). Simple effects showed the relationship to be present 

for men with low (t=- 3.89, p=.0011) and average concentrations of cortisol (t= - 2.18, p= 

.043) (see Figure 32). There was also a significant group by cortisol interaction for fear 

(F(1,18)= 10.30, p= .0049). Again, the relationship was present for men with low cortisol 

(t=-3.42, p= .003). Finally, there was a significant interaction for angry faces (F(1,18)= 

7.68, p=.013). Again, the effect was present for low concentrations (t=-2.134, p =.026). 

These results indicate that it is the men with low concentrations of cortisol closest in time 

to the emotional faces task that have the largest amplitude N170 after sleep loss, 

reflecting reactive neural processing of all emotional facial expressions in the task. 

 There were no significant correlations in the sleep restriction group for the IAPS 

task in men.  

  

Happy Sad 
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Figure 30. Correlations of N170 amplitude to cortisol at 4:00 pm in men for happy and 

sad faces. Lower concentrations of cortisol were associated with a larger N170 to happy 

and sad emotional faces.  

 

   
 

Figure 31. Correlations of N170 amplitude for fearful and angry faces with cortisol at 

4:00 pm in men. Lower concentrations of cortisol were associated with an increased 

amplitude to fearful and angry faces in men.  

Table 10. 

Correlations of N170 Amplitude and Cortisol in Men.  

 

Note. * = significant correlation (p< .05). Cortisol measured in ng/mL. 

 

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Change 

over 

the Night

Happy N170 0.065 0.486 -0.088 -0.115 0.600 Happy N170 0.366 0.413 0.311 .766* 0.425

Sad N170 0.116 0.313 -0.168 -0.123 0.361 Sad N170 0.299 0.472 0.382 .868* 0.395

Fear N170 0.088 0.319 -0.151 -0.089 0.384 Fear N170 0.183 0.543 0.421 .874* 0.427

Angry N170 0.143 0.368 -0.223 -0.214 0.413 Angry N170 0.133 0.502 0.389 .752* 0.538

Fear Angry 
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Figure 32. Moderating effect of cortisol at low and mean concentrations on sad N170 

amplitude in men. Note that a larger N170 is depicted as down in the figure. 

Women. Within women, there was a significant negative correlation with fear 

accuracy in the morning, and there were multiple correlations with the reaction time to 

emotional images with afternoon cortisol in the sleep restriction group (see Figure 33 and 

Table 11). Breaking down the analysis by phase showed that the reaction time 

relationships were significant in the luteal group (see Table 12, Figure 34 & 35). 

Regression analysis yielded a significant relationship between group and reaction time to 

fearful faces with afternoon cortisol and phase as moderators (F(7,33) = 3.27, p = .010, 

R2 = .4172). This model revealed a three-way interaction (b = -23.14, t = -2.36, p = .024). 

Simple slopes showed a significant moderating effect of afternoon (4:00 pm) cortisol at 

low (t = 3.09, p = .004) and high concentrations (t = -3.15, p = .004 for luteal women 

only (see Figure 36).  

 

* 

 

* 

* 

* 
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Table 11. 

Correlations of Cortisol and Face Behavioural Data in Women Collapsed Across Phase 

 

Note. * = significant correlation (p< .05) 

Table 12 

Correlations of Face Behavioural Data in Women by Phase 

 

Note. * = significant correlation (p< .05) 

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night

Accuracy Happy 0.225 -0.039 0.204 0.126 -0.018 Happy 0.204 -0.180 -0.190 0.056 -0.215

Sad 0.369 -0.083 0.213 0.404 -0.171 Sad 0.153 -0.204 -0.288 -0.047 -0.084

Fear 0.314 -0.186 -0.152 -0.036 -0.262 Fear 0.006 -0.471* -0.182 -0.233 -0.230

Angry 0.390 -0.183 -0.152 0.030 -0.322 Angry 0.043 -0.413 -0.348 -0.098 -0.149

Reaction Time Happy 0.260 -0.099 -0.130 -0.071 -0.201 Happy -0.352 -0.470* -0.114 -0.429 -0.069

Sad 0.271 -0.243 -0.212 -0.063 -0.300 Sad -0.419 -0.369 -0.060 -0.475* 0.029

Fear 0.382 0.039 0.113 0.039 -0.089 Fear -0.337 -0.340 -0.292 -0.420 0.037

Angry 0.418 -0.109 0.135 0.166 -0.234 Angry -0.351 -0.202 -0.103 -0.395 0.035

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night

Accuracy Happy 0.533 -0.100 0.042 0.170 -0.258 Happy 0.336 -0.087 0.323 0.062 -0.203

Sad 0.461 0.097 0.331 0.392 -0.009 Sad -0.043 -0.192 -0.459 -0.067 -0.112

Fear 0.541 -0.180 -0.105 -0.005 -0.291 Fear 0.210 -0.114 0.200 -0.242 -0.152

Angry 0.379 -0.048 0.068 -0.028 -0.137 Angry 0.085 -0.190 -0.372 0.070 -0.170

Reaction Time Happy -0.158 0.056 0.150 -0.143 0.037 Happy 0.032 -0.316 0.018 0.001 -0.289

Sad -0.079 -0.069 -0.044 -0.222 -0.108 Sad 0.009 0.083 0.517 0.047 0.018

Fear 0.013 0.313 0.362 -0.097 0.321 Fear -0.042 0.064 -0.304 -0.171 0.042

Angry 0.123 0.172 0.446 0.076 0.080 Angry -0.061 0.169 0.405 -0.030 0.123

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Change over 

the Night

Accuracy Happy -0.066 -0.091 0.440 -0.035 0.149 Happy 0.267 -0.293 -0.530 0.185 -0.452

Sad 0.312 -0.309 0.327 0.524 -0.231 Sad 0.243 0.060 -0.243 0.110 -0.172

Fear 0.160 0.222 -0.290 -0.477 0.060 Fear -0.134 -0.517 -0.654 -0.215 -0.368

Angry 0.543 -0.056 -0.442 0.181 -0.312 Angry -0.079 -0.512 -0.608 -0.159 -0.266

Reaction Time Happy .776* -0.196 -0.579 0.112 -0.432 Happy -0.621 -0.590 -0.343 -.823* 0.177

Sad .684* -0.296 -0.463 0.088 -0.384 Sad -.642* -.633* -0.400 -.810* 0.166

Fear .862* -0.532 -0.272 0.631 -0.638 Fear -0.603 -0.504 -0.500 -.772* 0.215

Angry .83* -0.486 -0.282 0.476 -0.573 Angry -0.513 -0.541 -0.482 -.723* 0.078

Follicular

Luteal
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Figure 33. Relationship of morning cortisol and accuracy to fearful faces in women.  

More cortisol was associated with lower accuracy in the SR group. 

 

 
Figure 34. Relationship of afternoon cortisol (4:00 pm) and reaction time to happy and 

sad emotional faces in luteal women. More cortisol was associated with faster reaction 

times in the SR group. Note. Excluded MS81.  

 

 

Happy Sad 
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Figure 35. Correlations of afternoon cortisol (4:00 pm) and reaction time to fearful and 

angry faces in luteal women. Note. MS81 excluded from correlations.  

 

Figure 36. Moderation effect of cortisol at low and high concentrations on fear reaction 

time for luteal women. Note. Excluded SW95 and BM91. 

 There were no significant correlations of N170 amplitude and cortisol in women, 

or by phase. 

Fear 

* 

 

Angry 

* * 

* 
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For the IAPS emotional image task, neutral accuracy was significantly moderated 

by change in cortisol over the night and phase (F(7,33) = 2.79, p = .0216 (see Figure 37). 

There was a significant three-way interaction of cortisol change, phase and group (b = 

22.46, t = 2.82, p = .008). Simple slopes showed a moderating effect of cortisol at low (t 

= -2.91, p = .0066) and high concentrations (t = 2.53, p = .0165) for luteal women only.  

 

Figure 37. Moderating effect of cortisol on neutral accuracy in luteal women. 

Note. Excluded IB110 and KH102.  

In summary, in women, there were associations between cortisol and emotion 

processing mainly in luteal women. In luteal women, more cortisol was associated with 

faster reaction times to the emotional faces, and better accuracy on the IAPS images.   

Testosterone. In the emotional face task, morning testosterone (7:30 am) was 

positively correlated with accuracy to sad faces (see Table 13 and Figure 38). Follow-up 

moderation analyses yielded a significant overall model between group and sad accuracy 

at 7:30 (F(3,19) = 4.58, p = .0412, R2 = .3453) and at 4:30 ((F(3,19) = 4.58, p = .0144, R2 

* 

* 

* 

* 
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= .4184) testosterone measurements. At 7:30, there was a significant interaction (b 

=.7488, t = 2.53, p = .0204) between testosterone and group, and simple effects revealed 

an effect at low concentrations of testosterone (t = -2.55, p = .019) (see Figure 39).  At 

4:30 testosterone, there was a significant interaction (b = .6153, t = 3.42, p = .0028), and 

simple effects revealed an effect at low concentrations of testosterone (t = -3.31, p 

=.0036) (see Figure 39). Baseline testosterone was positively correlated to accuracy for 

fear in the sleep restriction group (see Figure 40). In moderation analysis, there was a 

significant relationship with group and fear accuracy with baseline testosterone as a 

moderator (F(3,20) = 3.58, p = .032, R2 = .3496) (see Figure 41). There was a significant 

group by hormone interaction (b = .946, t = 2.93, p = .0084). Simple slopes revealed a 

significant moderating effect of testosterone at low concentrations (t = -3.04, p = .0064). 

Table 13. 

Correlations of Testosterone and Emotional Face Accuracy and Reaction Time. 

 

Note. * significant correlation (p< .05) 

Controls 10:30 7:00 AM 7:30 AM 4:00 PM

T change 

Over the 

Night Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

T change 

Over

 the Night

Accuracy Happy 0.262 0.241 0.435 0.463 0.016 Happy 0.144 0.054 -0.020 -0.061 -0.079

Sad -0.070 -0.140 -0.108 -0.469 -0.089 Sad 0.200 0.086 0.731* 0.565 0.181

Fear -0.549 -0.597 0.278 -0.032 -0.137 Fear .642* 0.347 -0.005 0.314 -0.295

Angry 0.014 -0.379 0.072 -0.112 -0.434 Angry -0.037 -0.021 -0.108 0.371 0.218

Reaction Time Happy 0.045 0.005 -0.007 -0.321 -0.038 Happy -0.129 -0.399 0.197 0.192 -0.291

Sad 0.206 0.119 0.046 -0.100 -0.065 Sad -0.281 -0.270 0.282 -0.033 -0.237

Fear 0.301 0.179 -0.188 -0.281 -0.090 Fear -0.226 -0.256 0.491 0.289 -0.057

Angry 0.064 0.145 -0.029 -0.194 0.100 Angry -0.012 -0.228 0.376 0.039 -0.205
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Figure 38. Relationship of morning testosterone and sad accuracy. Note. Excluded DG31.  

 

Figure 39. Moderating effect of low concentrations of testosterone at 7:30 and 4:30 on 

accuracy to sad faces.  

* 
* 

*

* 

 

* 
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Figure 40. Correlation of baseline testosterone with accuracy to fear.  

 

Figure 41. Moderating effect of low concentrations of baseline testosterone on accuracy 

to fearful faces. 

 There were no significant relationships with testosterone and the amplitude of the 

N170 in the control or sleep restriction groups.  

* 

* 
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In the IAPS task, there were some correlations of testosterone and performance in 

both groups, but there was correlation of morning testosterone (7:30 am) with positive 

accuracy and the amplitude of the LPP to positive images in the sleep restriction group. 

These relationships suggested more testosterone in this group being associated with 

greater performance on positive images and a greater LPP to these same images (see 

Table 14 & Figure 42).  

Table 14. 

Correlations of Testosterone and IAPS Accuracy and LPP Amplitude 

 

Note. * significant correlation (p< .05) 

 

Figure 42. Correlations of morning testosterone with accuracy and LPP amplitude for 

positive images. Note. JD34 excluded from positive accuracy.  

Control 10:30 7:00 AM 7:30 AM 4:00 PM

T change 

Over the 

Night

Sleep 

Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

T change 

Over the 

Night

Negative LPP AmplitudeCPz -0.578 -0.471 -0.248 -0.194 0.071 0.589* 0.540 0.378 0.081 0.020

Neutral LPP Amplitude  CPZ -0.322 -.741* -0.119 -0.193 -0.464 0.467 0.535 0.311 0.046 0.129

Positive LPP Amplitude  CPZ -0.453 -0.601 -0.312 -0.297 -0.188 0.417 0.348 0.610* -0.299 -0.005

Difference of Negative and Neutral -0.323 0.426 -0.166 0.006 0.762* 0.266 0.108 0.154 0.062 -0.132

Difference of Positive and Neutral -0.040 0.500 -0.208 -0.040 0.563 -0.073 -0.298 -0.288 -0.457 -0.172

Negative Accuracy 0.312 0.178 -0.002 0.219 -0.117 0.348 -0.345 -0.020 0.334 -0.708*

Negative Reaction Time -0.062 0.079 0.324 -0.126 0.144 0.041 -0.015 0.042 0.284 -0.088

Neutral Accuracy -0.196 -0.147 0.298 0.413 0.037 0.064 0.306 -0.488 -0.259 0.253

Neutral Reaction Time 0.078 0.344 0.235 -0.173 0.285 0.082 -0.133 0.222 0.457 -0.243

Positive Accuracy .677* 0.452 0.006 -0.058 -0.186 0.153 0.506 0.697* 0.189 0.376

Positive Reaction Time -0.059 0.054 0.277 -0.184 0.115 -0.057 -0.169 -0.049 0.300 -0.156
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Estradiol. Estradiol showed few correlations in the sleep restriction group with 

accuracy to emotional faces when separated by menstrual phase (see Table 15) and to the 

amplitude of the N170 (see Table 16). There were relationships of estradiol and reaction 

time in control luteal women that were not maintained after sleep loss. 

Table 15. 

Correlations of Estradiol and Emotional Face Behavioural Data 

 

Note. 4:00 pm RT correlations without CG62, SD70 and KC116. * = significant 

correlation (p< .05)   

Table 16.  

Correlations between Estradiol and N170 Amplitude by Menstrual Phase 

 

Controls 10:30 7:00 AM 7:30 AM 4:00 PM Sleep Restriction 10:30 7:00 AM 7:30 AM 4:00 PM

Accuracy Happy - 0.522 0.074 0.160 0.342 Happy 0.363 - 0.048 - 0.134 0.017

Sad - 0.305 - 0.136 - 0.014 0.027 Sad 0.079 0.013 - 0.389 - 0.227

Fear - 0.334 - 0.289 0.444 - 0.460 Fear - 0.415 - 0.306 - 0.284 - 0.312

Angry - 0.399 0.169 0.254 0.253 Angry - 0.124 - 0.513 - 0.268 - 0.108

Reaction Time Happy 0.119 0.205 - 0.125 - 0.058 Happy - 0.461 - 0.198 0.100 - 0.249

Sad 0.109 0.076 - 0.030 0.120 Sad - 0.359 - 0.160 0.297 0.132

Fear - 0.238 0.679* - 0.024 0.108 Fear -0.591* - 0.382 0.010 0.091

Angry - 0.069 0.388 - 0.255 - 0.183 Angry - 0.447 - 0.009 0.153 - 0.122

Accuracy Happy 0.137 0.229 0.275 0.002 Happy 0.116 - 0.330 - 0.073 - 0.179

Sad - 0.202 0.485 0.514 - 0.620 Sad 0.264 0.140 0.074 0.175

Fear - 0.251 - 0.398 - 0.631 0.071 Fear - 0.088 - 0.281 0.041 - 0.155

Angry - 0.614 - 0.475 - 0.629 - 0.509 Angry - 0.112 - 0.289 - 0.173 - 0.242

Reaction Time Happy -0.844* - 0.408 - 0.471 -0.677* Happy - 0.646 0.139 - 0.349 - 0.158

Sad -0.781* - 0.456 - 0.440 - 0.496 Sad - 0.637 0.085 - 0.339 - 0.194

Fear -0.674* - 0.044 0.145 -0.856* Fear - 0.550 0.237 - 0.363 - 0.104

Angry -0.742* - 0.100 0.054 -0.780* Angry - 0.552 0.364 - 0.235 0.054

Luteal

Follicular

Controls Sleep Restriction

Follicular 10:30 7:00 AM 7:30 AM 4:00 PM Follicular 10:30 7:00 AM 7:30 AM 4:00 PM

Happy N170 -0.015 0.194 -0.618 -0.449 Happy N170 -0.505 -0.532 0.188 0.056

Sad N170 -0.234 0.244 -0.339 -0.150 Sad N170 -0.644 -0.682 -0.248 -0.502

Fear N170 -0.464 0.278 -0.339 -0.150 Fear N170 -0.493 -0.528 0.197 0.014

Angry N170 -0.262 0.206 -0.493 -0.320 Angry N170 -0.646 -0.724* -0.125 -0.226

Luteal 10:30 7:00 AM 7:30 AM 4:00 PM Luteal 10:30 7:00 AM 7:30 AM 4:00 PM

Happy N170 -0.415 -0.434 -0.187 -0.359 Happy N170 0.230 -0.043 0.051 0.014

Sad N170 -0.315 -0.492 -0.170 -0.340 Sad N170 0.379 0.057 0.253 0.187

Fear N170 -0.727* -0.577 -0.170 -0.422 Fear N170 0.153 -0.049 0.088 0.011

Angry N170 -0.639* -0.219 -0.170 -0.682* Angry N170 0.303 0.174 0.163 0.197
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Note: * = significant correlation (p< .05) 

 In the IAPS task, sleep restricted follicular women showed a significant negative 

correlation with baseline estradiol and accuracy to neutral images (see Table 17 & Figure 

43).  

Table 17. 

Correlations of Estradiol and Emotional Images and LPP Amplitude 

 

Note. * = significant correlation (p< .05) 

Follicular 10:30 7:00 AM 7:30 AM 4:00 PM Follicular 10:30 7:00 AM 7:30 AM 4:00 PM

Negative LPP AmplitudeCPz - 0.081 - 0.261 0.457 0.673* Negative LPP AmplitudeCPz - 0.224 - 0.001 - 0.127 0.008

Neutral LPP Amplitude  CPZ - 0.355 0.005 0.297 0.506 Neutral LPP Amplitude  CPZ 0.090 0.228 0.361 0.283

Positive LPP Amplitude  CPZ - 0.387 - 0.036 0.398 0.675* Positive LPP Amplitude  CPZ - 0.061 - 0.037 0.052 0.038

Difference of Negative and Neutral 0.370 - 0.265 0.080 0.030 Difference of Negative and Neutral - 0.360 - 0.190 - 0.460 - 0.223

Difference of Positive and Neutral 0.041 - 0.049 0.069 0.113 Difference of Positive and Neutral - 0.137 - 0.212 - 0.207 - 0.165

Negative Accuracy - 0.493 0.281 0.319 0.251 Negative Accuracy - 0.159 - 0.065 - 0.371 - 0.190

Negative Reaction Time - 0.469 0.379 0.077 - 0.234 Negative Reaction Time - 0.313 -0.555* - 0.138 - 0.262

Neutral Accuracy - 0.557 0.232 0.079 - 0.025 Neutral Accuracy -0.697* - 0.152 - 0.317 - 0.220

Neutral Reaction Time - 0.219 0.082 - 0.118 - 0.458 Neutral Reaction Time - 0.098 - 0.404 - 0.085 - 0.178

Positive Accuracy 0.189 - 0.546 0.042 0.407 Positive Accuracy 0.323 - 0.057 0.121 0.149

Positive Reaction Time - 0.405 0.342 0.035 - 0.300 Positive Reaction Time - 0.244 - 0.399 - 0.102 - 0.004

Luteal Luteal

Negative LPP AmplitudeCPz - 0.069 - 0.031 - 0.222 0.104 Negative LPP AmplitudeCPz - 0.151 0.312 0.173 0.220

Neutral LPP Amplitude  CPZ - 0.218 - 0.007 - 0.294 - 0.066 Neutral LPP Amplitude  CPZ - 0.269 0.326 - 0.146 0.089

Positive LPP Amplitude  CPZ 0.010 - 0.236 - 0.407 0.185 Positive LPP Amplitude  CPZ - 0.625 - 0.499 -0.793* - 0.684

Difference of Negative and Neutral 0.311 - 0.063 0.094 0.411 Difference of Negative and Neutral 0.032 - 0.004 0.368 0.157

Difference of Positive and Neutral 0.473 - 0.435 - 0.163 0.491 Difference of Positive and Neutral - 0.338 - 0.588 - 0.416 - 0.527

Negative Accuracy - 0.501 0.032 0.216 - 0.368 Negative Accuracy 0.382 0.090 0.392 0.275

Negative Reaction Time - 0.121 0.112 - 0.105 - 0.532 Negative Reaction Time - 0.613 0.368 - 0.345 - 0.007

Neutral Accuracy 0.726* 0.105 0.305 0.729* Neutral Accuracy - 0.087 - 0.399 - 0.065 - 0.271

Neutral Reaction Time - 0.538 - 0.108 - 0.319 -0.653* Neutral Reaction Time - 0.515 0.442 - 0.277 0.065

Positive Accuracy - 0.393 - 0.120 - 0.250 - 0.255 Positive Accuracy 0.127 0.546 0.242 0.434

Positive Reaction Time - 0.167 - 0.125 - 0.140 - 0.525 Positive Reaction Time - 0.321 0.279 - 0.348 - 0.065
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Figure 43. Relationship of baseline estradiol and accuracy to neutral image categorization 

in follicular women. Note. Excluded SD70 and DF63. 

Progesterone. Despite smaller sample sizes when divided by gender and phase, 

analysis found significant relationships between progesterone concentrations in sleep 

restricted women and outcomes on emotion processing tasks, which were mainly present 

in luteal women. In follicular women, progesterone at the sample closest to the emotional 

faces task (4:00 pm) showed significant correlations with the reaction time to emotional 

faces (see Table 18). In luteal women, progesterone at various sample times showed 

correlations with sad accuracy, such that more progesterone was associated with reduced 

accuracy to sad face categorization (see Figure 44 & 45).  

Table 18. 

Correlations of Progesterone and Face Accuracy and Reaction Time by Phase 
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Figure 44. Correlations of progesterone and sad accuracy in luteal women at 7:00 am, 

and 7:30 am. More progesterone was associated with reduced accuracy after sleep loss. 

Note. Excluded DX86. 

Controls Sleep Restriction

Follicular 10:30 7:00 AM 7:30 AM 4:00 PM Follicular 10:30 7:00 AM 7:30 AM 4:00 PM

Accuracy Happy -0.585 -0.098 -0.422 0.048 Happy 0.248 0.034 -0.028 0.025

Sad -0.161 0.059 -0.035 0.181 Sad 0.208 -0.204 -0.243 -0.276

Fear -0.429 -0.505 -0.296 0.192 Fear -0.499 -0.245 -0.268 -0.419

Angry -0.320 0.059 -0.230 0.060 Angry 0.114 -0.539 -0.283 -0.282

Reaction Time Happy 0.018 -0.041 -0.316 -0.811* Happy -0.212 -0.356 -0.649* -0.517

Sad -0.033 -0.218 -0.485 -0.854* Sad -0.263 -0.324 -0.627* -0.462

Fear -0.220 0.409 -0.449 -0.625* Fear -0.342 -0.731* -0.764* -0.605*

Angry -0.209 0.194 -0.189 -0.687* Angry -0.439 -0.175 -0.542 -0.461

Luteal Luteal

Accuracy Happy 0.139 -0.284 -0.091 -0.207 Happy -0.091 -0.571 -0.460 -0.523

Sad -0.330 -0.566 -0.566 -0.513 Sad -0.287 -0.832* -0.914* -0.772*

Fear 0.291 -0.172 -0.207 0.312 Fear -0.134 0.073 0.237 -0.164

Angry -0.022 0.027 -0.040 0.441 Angry -0.335 -0.476 -0.490 -0.679

Reaction Time Happy -0.252 0.039 -0.021 0.012 Happy -0.179 0.373 0.019 -0.246

Sad 0.167 0.058 0.066 0.289 Sad -0.194 0.471 0.139 -0.176

Fear -0.305 0.159 0.240 -0.052 Fear -0.441 0.039 -0.449 -0.642

Angry -0.087 0.215 0.296 0.103 Angry -0.287 -0.009 -0.410 -0.519
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Figure 45. Correlation of progesterone and sad accuracy in luteal women at 4:00 pm. 

Note. Excluded DX86. 

 Progesterone was also significantly correlated within sleep restricted luteal 

women with the amplitude of the N170 to sad, happy, and fearful faces, with more 

progesterone being related to greater amplitudes. (see Table 19, Figure 46 & 47). 

Table 19. 

Correlations of Progesterone and N170 Amplitude by Phase 

 

Note. * = significant correlation (p< .05) 

 

Controls Sleep Restriction

Follicular 10:30 7:00 AM 7:30 AM 4:00 PM Follicular 10:30 7:00 AM 7:30 AM 4:00 PM

Happy N170 0.202 0.593 0.012 -0.174 Happy N170 -0.519 -0.236 0.103 -0.142

Sad N170 -0.028 0.587 0.074 0.149 Sad N170 -0.557 -0.499 -0.215 -0.574

Fear N170 -0.279 0.474 -0.163 -0.033 Fear N170 -0.521 -0.219 0.147 -0.156

Angry N170 -0.028 0.537 -0.103 -0.187 Angry N170 -0.593 -0.450 -0.232 -0.413

Luteal Luteal

Happy N170 -0.487 -0.260 -0.409 -0.432 Happy N170 -0.412 -0.669 -0.682 -0.716*

Sad N170 -0.470 -0.414 -0.473 -0.452 Sad N170 -0.496 -0.704 -0.729 -0.754*

Fear N170 -0.076 -0.130 -0.234 -0.056 Fear N170 -0.583 -0.644 -0.682 -0.771*

Angry N170 -0.618 0.050 -0.134 -0.281 Angry N170 -0.418 -0.606 -0.685 -0.678
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Figure 46. Correlations of afternoon progesterone with N170 amplitude to happy and sad 

faces in luteal women only. More progesterone was associated with a greater amplitude.  

 

Figure 47. Relationship of N170 amplitude to fearful faces in luteal women only. More 

progesterone was associated with a greater amplitude.  

 In the IAPS task, there was a negative correlation within luteal women with 

accuracy to negative images, and the LPP amplitude difference between negative and 

neutral images (see Table 20 and Figure 48). In the sleep restricted women, there was a 

significant relationship between neutral accuracy and baseline progesterone; this 

relationship was a trend in the follicular women as well (see Figure 49). Follow-up 
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analysis in the full sample showed a significant relationship in sleep restricted women 

collapsed across phase (r = .752, p <.001) (see figure). In the full sample of women, there 

was a significant moderation model (F(3,37) = 5.01, p = .0051, R2 = .289). There was a 

significant interaction of baseline progesterone and group (b = -.619, t = -2.79, p = .0082 

R2 =.150). Simple effects analysis showed an effect of group at high concentrations of 

progesterone (b =-1.27, t = -2.12, p = .0401). There was also a trend for an effect at low 

concentrations of progesterone (b = 1.09, t = 1.85, p =.0728) (see Figure 50). These 

analyses indicate more progesterone being associated with reduced accuracy to neutral 

images after sleep loss. Including phase in the model yielded a significant overall model, 

but lacked power for significant interactions.   

Table 20. 

Correlations of Progesterone and IAPS Accuracy, RT, and LPP Amplitude 

 

Note. * = significant correlation (p< .05) 

 

Control Sleep Restriction

Follicular 10:30 7:00 AM 7:30 AM 4:00 PM Follicular 10:30 7:00 AM 7:30 AM 4:00 PM

Negative LPP AmplitudeCPz 0.121 -0.183 -0.147 0.306 Negative LPP AmplitudeCPz -0.311 -0.244 -0.274 -0.100

Neutral LPP Amplitude  CPZ -0.319 -0.178 -0.257 0.251 Neutral LPP Amplitude  CPZ 0.052 -0.067 0.151 0.289

Positive LPP Amplitude  CPZ -0.088 -0.083 -0.300 0.121 Positive LPP Amplitude  CPZ -0.105 -0.198 -0.222 0.008

Difference of Negative and Neutral 0.497 0.042 0.177 -0.012 Difference of Negative and Neutral -0.439 -0.255 -0.474 -0.366

Difference of Positive and Neutral 0.317 0.140 -0.008 -0.193 Difference of Positive and Neutral -0.160 -0.179 -0.368 -0.205

Negative Accuracy -0.472 0.119 -0.312 -0.127 Negative Accuracy -0.382 -0.264 -0.212 -0.215

Negative Reaction Time -0.524 -0.008 -0.272 -0.486 Negative Reaction Time -0.117 -0.182 -0.269 -0.353

Neutral Accuracy -0.096 0.152 -0.023 -0.078 Neutral Accuracy -0.547 -0.683* -0.533 -0.349

Neutral Reaction Time -0.393 -0.201 -0.206 -0.534 Neutral Reaction Time 0.001 -0.081 -0.188 -0.148

Positive Accuracy 0.263 -0.240 0.022 0.444 Positive Accuracy 0.162 0.392 0.181 0.079

Positive Reaction Time -0.521 -0.065 -0.265 -0.519 Positive Reaction Time -0.256 -0.238 -0.085 -0.166

Luteal Luteal

Negative LPP AmplitudeCPz -0.021 0.104 -0.075 0.029 Negative LPP AmplitudeCPz 0.339 0.284 0.451 0.472

Neutral LPP Amplitude  CPZ 0.027 0.153 0.029 0.125 Neutral LPP Amplitude  CPZ 0.353 -0.363 -0.219 0.049

Positive LPP Amplitude  CPZ 0.082 -0.103 -0.220 0.119 Positive LPP Amplitude  CPZ 0.482 0.601 0.410 0.279

Difference of Negative and Neutral -0.112 -0.077 -0.254 -0.205 Difference of Negative and Neutral -0.004 0.745 0.778* 0.498

Difference of Positive and Neutral 0.100 -0.514 -0.481 -0.034 Difference of Positive and Neutral 0.047 0.685 0.445 0.148

Negative Accuracy 0.497 0.413 0.483 0.552 Negative Accuracy 0.565 0.590 0.826* 0.853*

Negative Reaction Time -0.541 -0.259 -0.188 -0.373 Negative Reaction Time 0.083 -0.418 -0.593 -0.502

Neutral Accuracy 0.138 -0.030 -0.134 -0.126 Neutral Accuracy -0.923* -0.367 -0.502 -0.743

Neutral Reaction Time -0.166 -0.095 0.060 0.117 Neutral Reaction Time 0.314 -0.086 -0.256 -0.197

Positive Accuracy 0.290 -0.197 -0.113 0.135 Positive Accuracy 0.623 -0.029 0.170 0.508

Positive Reaction Time -0.558 -0.266 -0.142 -0.270 Positive Reaction Time -0.125 -0.406 -0.646 -0.673



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 99 

 

 
 

Figure 48. Correlations of morning progesterone and negative accuracy, and the 

difference of negative and neutral LPP amplitudes in luteal women. 

 

Figure 49. Correlations of baseline progesterone in follicular (left) and luteal (right) 

women with accuracy to neutral images. Note. Follicular women graphed without ME44, 

DF63 and ZE40 (controls). 

 

Luteal Women 
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Figure 50. Relationship of neutral accuracy and baseline progesterone in the full sample 

of women. Moderating effects of baseline progesterone found at low concentrations.  

Discussion 

The aim of the current thesis was to further elucidate the effect of sleep loss on 

the processing of emotional stimuli by using a subtle level of sleep loss that is common in 

today’s society. Of specific interest was to investigate the effect of sleep loss on the 

relationship between hormones and emotion processing and to determine if hormone 

concentrations could be predictors of vulnerability or resilience to the effects of sleep 

loss. Participants were assigned to either four or eight hours in bed, and then completed a 

face emotion categorization task and an emotional image discrimination task the 

following day in the laboratory. Measurements of cortisol, testosterone, estradiol, and 

progesterone were taken at multiple times across the protocol and were investigated for 

relationships with emotion processing outcome variables. Sleep restricted participants 

showed significant impairments on mood, subjective sleepiness, and had more variable 

reaction times compared to control participants. Overall, participants also displayed a 

specific deficit for sad face processing after sleep loss, with worse behavioural 

* 

* 
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performance and a greater N170 response. Testosterone and cortisol were both affected 

by sleep restriction. Luteal women experienced greater performance deficits on accuracy 

for emotional image categorization than follicular women, which was supported by 

relationships with progesterone and poor accuracy on various emotion categories.  

Did Sleep Loss Affect Emotion Processing? 

 It was expected that sleep restriction to 4 hours would result in slower emotional 

categorizations and reductions in accuracy on face and image processing tasks. As well, it 

was expected that the N170 would be greater to threat-related stimuli after sleep loss, and 

the LPP larger to negative image stimuli in particular (Cote et al., 2013 & Cote et al., 

2014). Behaviourally, sleep restricted participants had a reduced accuracy for 

categorizing sad faces when the emotional faces were more obvious (40-60% morph 

levels combined). They also tended to show reductions in angry face categorization 

compared to rested controls. Thus, there was evidence that one night of sleep restricted to 

4 hours impacted emotional processing of facial expressions, specifically sad faces. Sleep 

restricted participants did not show impairments on reaction time for categorizing 

emotional faces which indicates that despite reductions in accuracy, they did not require 

longer to make categorizations in this task. Sleep restricted participants also had an 

increased reactivity to sad faces as measured by N170 amplitude compared to angry and 

fearful faces. This finding suggests more allocation of attention or possibly more effort 

required to make the categorization. Analysis including the P1 after consideration of ERP 

figures suggested no robust effects on P1 amplitude after sleep loss. For happy faces, the 

sleep restriction group tended to have a smaller P1 and a greater N170 suggesting an 

effect of sleep loss on early visual processing. This pattern with the P1 and N170 mirrors 
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the findings with the P1 in Cote and colleagues (2014) research. However, with sad faces, 

there tended to be an interaction for the N170 and P1 amplitude, with no effect of sleep 

loss on the P1, but a trend for effects on the N170. This finding supports the processing 

of sad faces having a unique response to sleep loss. The current study did not support the 

hypothesis that SR would lead to an increased N170 to threatening faces (Cote et al., 

2013; Gujar et al., 2011; Rosales-Lagarde et al., 2012). It is likely that a greater degree of 

sleep loss (total sleep deprivation or continuous sleep restriction over multiple nights) is 

needed to influence threat-related stimulus processing. In a subtle sleep restriction 

paradigm, the emotional regulation of such salient emotional stimuli appears conserved. 

However, this level of SR led to an increased processing of sad faces. 

 Previous research (Cote et al., 2013) has also shown evidence of a unique 

response of sad emotion processing following a night of total sleep deprivation. In Cote 

and colleagues (2013) study, sleep deprived participants had diminished accuracy to sad 

faces, and a reduction in N170 amplitude. Killgore and Balkin (2011) reported a reduced 

ability for sleep deprived individuals to discriminate happy and sad faces. In a similar 

study, Killgore, Balkin and Killgore (2011) found a reduction in perception of happy and 

sad face intensity after 25 hours of sleep deprivation, and perception remained reduced 

even after 12 hours of recovery sleep. The researchers stressed that the emotions that 

were preserved after sleep loss were those more important for survival. A study by van 

der Helm and colleagues (2010) found reduced accuracy for happy and angry faces but 

did not find evidence for impairments in sad face categorization. In the van der Helm 

(2010) study, participants only had to detect whether the face was neutral or the emotion 

being tested in that block; thus, this study was not designed to detect whether the 
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participants were mistaking one emotion for another when presented at random. Kyle and 

colleagues (2014) reported that insomnia patients rated sad faces as less intense than the 

controls, again suggesting a unique role for sad face processing after sleep disruption. It 

is possible that this emotion may be less salient after sleep loss when faced with a state of 

reduced cognitive ability. However, a main effect of Face and Bonferroni post-hoc tests 

showed significant differences between all face types in accuracy, and so it cannot be 

ruled out that sad faces were affected partially due to their difficulty. However, in 

comparing group differences by morph level, only sad and angry had any differences 

between groups, and it would be expected that there would be differences at other 

challenging emotions as well (e.g. fear, angry). As well, group differences did not emerge 

until the faces became easier to detect (40-60% morph level) and were not present at the 

very challenging 20 and 30% morph levels. This finding suggests it is not exclusively due 

to difficulty. The current data and previous research support a unique impact of sleep loss 

on sad face processing. Despite the cause, a reduction in sad face discrimination ability 

can have important consequences for social relationships, decision making, and empathy.  

 In sleep loss literature, Cote and colleagues (2013) found a reduction in amplitude 

to sad faces as they became more subtle after one night of total sleep deprivation. It is 

possible that sleep loss does not follow a dose-response relationship, and may produce 

unique deficits after only mild levels of sleep disturbance like one of sleep restriction, 

compared to more extreme levels of sleep loss.  In subtle sleep loss, motivation is less 

affected, and participants may be better able to maintain performance that is reduced in 

longer sleep deprivation paradigms. It should be noted that there were trends for group 

differences in the number of trials in the N170 group averages for sad and angry faces; an 
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average with fewer trials might be larger in amplitude simply due to the attenuation of a 

signal with increasing trials (see Appendix F). In both instances, there were fewer trials in 

the sleep restriction group, but given the lack of robust statistical difference, and that 

groups only differed by six trials for sad and seven for angry, it is not likely that the N170 

differences can be accounted for by the small differences in number of trials.  

 For the IAPS task, there were no overall group effects on the categorization of 

emotional images as positive, negative, or neutral. However, sleep restricted luteal 

women had lower accuracy on the emotional images task across all emotion types 

compared to well-rested luteal women. Follicular women and men did not show an effect 

of sleep loss on this task. Previous research (Bayer et al., 2014; Derntl et al., 2008; Guapo 

et al., 2009; Hoyer et al., 2013; Sundstrӧm-Poromaa, & Gingnell, 2014 & van Wingen et 

al., 2007) has suggested worse performance on emotional face, and emotional memory 

tasks for luteal women, but these data are the first to show that luteal women are more 

vulnerable to the effects of sleep loss on emotion processing. As the luteal phase has 

different patterns of brain activation during some emotional processing tasks (van 

Wingen et al., 2007; van Wingen et al., 2008 & van Wingen et al., 2011), luteal women 

could be using different networks or strategies for emotion processing that ultimately 

may be more affected by sleep loss.  

 Sleep restricted participants had a greater difference between the amplitude of 

positive and neutral images than controls, indicating that more attention is being allocated 

towards positive stimuli after sleep loss. Based on previous research investigating IAPS 

processing following total sleep deprivation, it was expected that there would be a bias 

towards increased processing of negative stimuli (Cote et al., 2014); however, in the 
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current study, participants displayed a positive bias. Thus, while an extreme degree of 

sleep deprivation altered processing of negative emotional information, the more subtle 

sleep restriction employed here led to a specific impairment in processing of positive 

images. Regardless of the valence, this greater allocation of attention or dysregulation 

may come at a cost to processing other emotional information in the environment. 

Interestingly, Gujar and colleagues (2011) reported an increase in reactivity in multiple 

mesolimbic regions, including the amygdala, to positive images in sleep deprived 

individuals when presented with positive and neutral stimuli only. The authors suggested 

that this result was an increased response to potentially rewarding stimuli. As well, recent 

research in adolescents discovered that sleep restriction increased participants’ ratings of 

desire for pictures of appetitive food items (Simon, Field, Miller, DiFrancesco, & Beebe, 

2015). The findings of these studies suggest that it is not only the processing of negative 

emotional images affected by sleep loss, and it may depend on the degree of sleep loss.  

 In summary, the subtle degree of sleep restriction had an effect on emotion 

processing in both face and image tasks. While there was no evidence of impairment for 

threatening or negative stimuli as initially hypothesized, this degree of sleep loss uniquely 

revealed deficits for processing of sad facial expressions and increased reactivity to 

positive image stimuli.  

How did Sleep Loss Affect Hormones? 

 Cortisol. It was expected that sleep restricted participants would not show effects 

of sleep loss on cortisol, as cortisol is typically more affected by longer paradigms. 

However, results in the full sample found a blunted rise in cortisol over the night. 

Subsequent hormone analysis was split by sex due to a difference in cortisol between 
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sexes. Previous research has shown gender differences, specifically more production of 

cortisol in men (Vierhapper, Notwotny, & Waldhäusi, 1998); however, women had a 

greater amount of cortisol in the current study. In men, there was a blunted increase in 

cortisol over the night in the sleep restriction group, but a larger CAR. In women, sleep 

restricted luteal women showed a greater CAR than well-rested luteal women. In a study 

of reactivity of the HPA axis to the Trier Social Stress test, luteal women and men both 

displayed a larger increase in salivary cortisol in response to stress than follicular women 

and women taking oral contraceptives (Kirschbaum, Kurdielka, Gaab, Schommer, & 

Hellhammer, 1999). If the HPA axis is more sensitive to stress for these groups it may 

explain why the CAR group difference was only found in men and luteal women in 

response to the stress of sleep loss. However, most men did not show a reliable CAR (2 

Control, 5 SR) and significant differences were only apparent in the full sample of men, 

so this finding in the men should be replicated in future research. It was predicted that the 

sleep-restricted participants would have a blunted CAR, but the current study found an 

increased CAR for men and luteal women. As the CAR is affected by stress and 

preparation for a challenging day, it may explain why sleep restricted participants had a 

greater CAR (Clow et al., 2004).  

 Testosterone. It was predicted that testosterone would be reduced after sleep loss, 

and this prediction was supported by the current study. Sleep restricted men had a 

reduced rise in testosterone during the night, and a lower concentration upon awakening. 

This finding is complementary to the previous research that has found reductions in 

testosterone over nights of sleep disruption (Penev, 2007; Wittert, 2013; Cote et al., 2013; 

Cortes-Gallegos, 1989 & Leproult & Van Cauter, 2011). Wittert (2013) suggested a 
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decrease in testosterone whenever 3 hours of slow wave sleep is not obtained. Research 

by Schmid and colleagues (2012) showed that an early wake up had a greater effect on 

testosterone than a late bedtime; however, they studied men after two consecutive nights 

of sleep restriction. In the current study, testosterone was blunted upon awakening, but 

testosterone concentrations recovered to control concentrations at subsequent 

measurements in the afternoon.  

 Estradiol and Progesterone. The effect of sleep loss on estradiol and 

progesterone was largely exploratory in nature, as most previous work had not controlled 

for menstrual phase or oral contraceptive use. There were no effects of such a subtle level 

of sleep restriction on estradiol and progesterone in the current study. This result could be 

due to less sensitivity in estradiol and progesterone to minor variations in sleep, and a 

relatively greater control by circadian and phase factors. In a previous study, estradiol 

was found to decrease after a 24-hour period of deprivation in men, but had not 

previously been studied in a short sleep restriction paradigm (Gonzalez et al., 1989).  

Were Hormones Predictors of Emotion Processing After Sleep Loss? 

 Cortisol. It was predicted that cortisol would show relationships specifically with 

increased accuracy to threatening stimuli based on relationships with threat in well-rested 

people (Feeney et al., 2012; Hakamata et al., 2013; Taylor et al., 2011; van Honk et al., 

1998; van Honk et al., 2000).  

Men. In men, baseline cortisol was positively related to accuracy to fear and sad 

face categorization in the sleep restriction group. There was an association with men 

lower in baseline cortisol being were more vulnerable to sleep restriction on these 

variables. It is possible that the relationships may be stronger or only present in the sleep 
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restriction group due to changes in amygdala activity reported due to sleep loss (Yoo et 

al., 2007; Motomura et al., 2014; Killgore, 2013) and the susceptibility of the amygdala 

to glucocorticoid concentrations (Feeney et al., 2012). As well, morning cortisol also 

showed relationships with accuracy to threat, specifically angry faces. Here, there was an 

association with men lower in cortisol after sleep restriction having better accuracy on 

angry face categorization. This finding was unexpected as previous literature suggested 

increased cortisol concentrations to be associated with increased sensitivity to threat 

(Feeney et al., 2012). However, it is possible that those with blunted cortisol due to sleep 

restriction have a bias towards the processing of angry faces that may come at a cost to 

processing of other emotional stimuli in the environment.   

In men, there were also relationships with N170 amplitude to all emotional faces 

and cortisol at 4:00 pm, which is the best approximation of their hormone concentration 

at the time of the task. Results of moderation analyses indicated the sleep loss affected 

men with lower concentrations of cortisol, and these men had a greater amplitude of 

N170 to all emotional faces. It would be expected that more cortisol would be associated 

with greater reactivity (van Peer, et al. 2009); however, sleep loss could be affecting the 

typical pattern of relationship between hormones and emotion processing. 

Women. In the total sample of women, there was a relationship between morning 

cortisol and accuracy on fearful faces; again, more cortisol upon awakening was 

associated with worse performance, mirroring the finding in men. Within sleep restricted 

luteal women only, there were significant relationships between cortisol at 4 pm and 

reaction time to emotional faces. Moderation analysis on fearful reaction time showed an 

effect at both low and high concentrations; whereafter sleep restriction high 
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concentrations of cortisol were associated with faster reaction time, but the reverse for 

controls. Relationships between cortisol and emotional reaction time are supported (van 

Honk et al., 1998 & Feeney et al., 2012) and cortisol is typically associated with faster 

reaction time as was found in the sleep restricted luteal women. Control luteal women 

had a slower response to fearful images. More cortisol was associated with being making 

faster emotional categorization judgements in sleep restricted luteal women; however, 

this finding could also indicate impulsive responding which would be consistent with the 

relationship of more cortisol being associated with reduced accuracy on some emotion 

face types.  

In the emotional images task, there was a similar pattern for luteal women and 

neutral accuracy. Low cortisol increase over the night was related to poor accuracy on 

neutral images. Sleep restricted participants had a blunted increase in cortisol over the 

night, and luteal women who were affected on cortisol had a tendency to rate neutral 

images as emotional in nature.   

Testosterone. Previous research has found relationships between testosterone and 

threat processing (van Honk et al., 1999; Derntl et al., 2009; Bos et al., 2013 & van Honk 

et al., 2001). The current study partially supported this prediction as baseline testosterone 

was a predictor of fear processing, such that men with low concentrations of testosterone 

at baseline showed deficits in accuracy to fearful faces after sleep loss. However, 

relationships also became apparent with morning testosterone and accuracy to sad faces. 

It was unexpected to find this relationship with sad face processing and testosterone, but 

the men who were lowest in testosterone in the morning, due to the sleep loss, also 

experienced decreases in accuracy to sad faces. There has been literature connecting high 
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concentrations of testosterone to empathy, and administration of testosterone has reduced 

empathy in women (Hermans, Putman, & van Honk, 2006). The connection between 

empathy and testosterone in well-rested conditions gives evidence that testosterone could 

play a role in sad face processing.  

 In the IAPS task, morning testosterone was correlated with accuracy to positive 

stimuli and the amplitude of the LPP to these images in the sleep restriction group. The 

LPP is thought to be generated by a large network associated with emotion processing 

(Liu et al., 2012), and testosterone has been associated with increased amygdala response 

(Bos et al., 2013). It is interesting that this relationship was specifically for positive 

stimuli when the amplitude of the LPP to positive was uniquely affected by the sleep 

restriction manipulation. More testosterone was associated with greater accuracy to 

positive images, and a greater amplitude of the LPP. A greater allocation of attention to 

positive stimuli suggests a positivity bias in sleep restricted participants that may be 

maladaptive.  

Estradiol. In luteal women, there were relationships with estradiol and behaviour 

that were present in the control group but were lost in the sleep restriction group, which 

suggests a disruption and a dysregulation of estradiol and its relationship with face 

processing. After sleep loss, progesterone showed more relationships with emotional 

outcome variables. 

In the IAPS task, sleep restricted follicular women had a relationship with 

estradiol at baseline and accuracy to neutral images. Higher estradiol concentrations, like 

seen when a woman is ovulating, were associated with worse performance. Worse 
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performance on neutral images reflects a tendency to rate neutral images as emotional in 

nature.  

Progesterone. Progesterone was expected to show negative relationships with 

emotional processing performance, based on previous research (van Wingen et al., 2007 

& Ertman et al., 2011). In follicular women, progesterone at 4:00 pm was correlated with 

reaction times to emotional images, such that more progesterone was related to faster 

categorization. In luteal women, progesterone was negatively correlated with sad 

accuracy, and more progesterone was related to worse performance.  As the luteal phase 

can be associated with preparation for pregnancy, the processing of sad faces may be 

selectively reduced as sad faces would be less important to the safety of a developing 

fetus (Jones et al., 2005; Conway et al., 2007). Research by Guapo and colleagues (2009) 

had a greater accuracy for follicular women on sad faces than luteal women, which 

suggests a potential role for progesterone in sad face processing.  

Progesterone in sleep restricted luteal women was also associated with a greater 

N170 amplitude to sad, happy and fearful faces. Research has found greater brain activity 

during the luteal phase and after progesterone administration (Bayer et al., 2014; van 

Wingen, 2007; van Wingen, 2008; van Wingen et al., 2011). The increased amplitude 

suggests that there is an increase in effort or attention required to process the emotional 

faces, but the correlational data with progesterone and accuracy indicate that this 

increased reactivity does not result in better performance.  

In the IAPS task, in sleep restricted luteal women, there was a relationship 

between progesterone and negative accuracy, such that more progesterone was related to 

worse performance. There was also a relationship with the LPP amplitude difference 



HORMONES, SLEEP RESTRICTION AND EMOTIONAL PROCESSING 112 

 

between negative and neutral images with more progesterone being related to a greater 

difference and reactivity. The findings with negative accuracy and LPP amplitude are 

similar to those found with emotional faces, suggesting progesterone negatively impacts 

performance, but is associated with greater neural reactivity or increased effort as a 

potential compensatory mechanism. The greater amplitude could also be an indication of 

a failure to disengage from the stimulus. There was also a relationship with neutral 

accuracy and progesterone, where more progesterone was connected to an increased 

tendency to rate a neutral image as emotional. This relationship was similar to findings 

from Derntl and colleagues (2008) with a negative relationship of progesterone and 

neutral accuracy, and general relationships of progesterone with diminished accuracy.  

Is there an Effect of Menstrual Phase on Sleep Loss and Emotion Processing? 

 There were indications that luteal women were more vulnerable to sleep loss. 

Namely, they showed a performance decrease on the IAPS task while follicular women 

maintained performance after sleep loss. As well, moderation analyses within women 

supported luteal women as the phase that was showing an effect of sleep loss. Finally, 

correlations with progesterone and poor emotion processing accuracy after sleep loss, and 

more progesterone being found in the luteal phase, supported them being more affected. 

Follicular women may be able to use more conscious strategies to compensate for some 

of the effects of sleep loss due to differences in brain activity as evidenced from imaging 

studies (van Wingen et al., 2008; van Wingen et al., 2007 & Bayer et al., 2014), although 

more research is needed in this area. As well, the ability to accurately detect emotional 

stimuli may be more important during the follicular phase, when reading emotions in 

potential mates is more critical (Derntl et al., 2008). Research has shown that accuracy of 
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emotion processing varies across the menstrual cycle, and the impact of sleep loss on 

emotion processing may vary in a similar manner.  

Contributions of the Current Research 

 While the behavioural effects of sleep loss have been investigated for a long time, 

recent research has focused on understanding the underlying mechanism of the effects on 

emotion. The current thesis is unique in investigating the role of hormones in emotion 

processing following sleep loss. This question was investigated in a short term sleep 

restriction paradigm, an amount of sleep loss that is common in today’s society and thus 

has considerable ecological validity. This level of sleep loss allows for interesting study, 

as motivation may not be as profoundly affected, and more effort may be used to 

maintain performance. The results of this study demonstrate that even such a subtle 

amount of sleep loss affects emotion processing. Specifically, in this study, there 

appeared to be a unique effect of four hours of sleep loss on sad processing. Participants 

were less able to recognize sad faces; in the real world, this consequence could have a 

negative impact on social and interpersonal relationships. This deficit coincided with an 

increased neural reactivity to sad faces reflected in N170 ERP amplitude, which suggests 

an increased effort to process, or increased attention allocated to this stimulus. Morning 

testosterone and various samples of progesterone also showed relationships with sad 

accuracy in the sleep restriction group, suggesting a role for hormones. 

 In this study, a highly novel finding was that luteal women were more affected by 

sleep loss than follicular women. On emotional image discrimination of positive, neutral, 

and negative images, luteal women after sleep restriction performed worse than their 

well-rested counterparts. Moderation analyses also suggested relationships between sleep 
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loss, hormone concentrations and emotional outcome variables in luteal women only. 

Finally, there were indications that progesterone in the sleep restriction group was 

associated with worse performance, and progesterone peaks in the luteal phase. More 

research with larger sample sizes is needed to replicate these findings, but it could have 

important implications for individuals who are regularly subjected to sleep loss, if their 

vulnerability to sleep restriction varies across the menstrual cycle. As well, relationships 

with hormone concentrations at baseline and subsequent deficits in emotion processing 

support hormones playing a role in vulnerability to sleep restriction. An important 

outcome of this research is that sex hormones and phase of the menstrual cycle should be 

considered in all future sleep deprivation research. 

Limitations and Future Directions 

 There are some limitations to the current study which should be addressed in 

future research. This study was a between-subjects design to reduce the inevitable order 

effects on viewing the emotional stimuli more than once. However, this design led to an 

inability to look at how vulnerability to sleep loss changed in each woman across her own 

menstrual cycle and reduced power for correlation and regression analyses. Future 

research should aim to look for effects of sleep loss on emotion processing in women at 

multiple times in their cycle, although a study of this nature would be challenging with 

repeat visits and scheduling based on menstrual phase.  As well, this study had a small 

sample size when split by sex and phase, and for the correlation and regression analyses. 

Due to small sample sizes and the novelty of findings related to the menstrual phases and 

hormones, it will be important to investigate this question further in larger samples. As 

well, previous research by Schmid et al (2012) suggested that for testosterone, the timing 
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of the sleep restriction is critical; although the current study still found effects of sleep 

loss on testosterone, it did not examine variations in the timing of the sleep restriction.  

This study had multiple components conducted in the participants’ own home. 

This design led to a loss of experimental control over some aspects of the study, but a 

more naturalistic setting for participants to sleep. Control was maintained as much as 

possible by the use of sleep diaries and actigraphy. However, home sampling led to 

challenges obtaining a reliable CAR, as it is a very time sensitive measurement. As a 

result, the CAR was analyzed in a much smaller sample restricted to people who showed 

an increase in cortisol between 7 am and 7:30 am. Future research should have 

participants in the laboratory setting, to allow for rigid experimental control of hormone 

sample times. As well, future research should obtain more hormone samples to allow for 

a baseline saliva sample for morning measurements comparable to the morning after 

sleep disruption. 

Another potential limitation of the study was the length of the performance 

battery and the increased likelihood for sleepiness and motivation decreases in both 

groups; however, the sleep restricted group did still have reduced performance compared 

to controls. Due to some trends for differences in number of trials for the N170 potential, 

future analysis could compare the amplitudes with equal number of trials to verify that 

the effects were not due to differences in the number of trials. For measurement of the 

N170 component, the ERP images illustrated potential effects of sleep loss at both the P1 

and the N170 component, and so future analysis could focus on a peak-to-peak 

measurement to isolate the N170 as the affected component. As well, with the analysis of 

scalp-recorded potentials, there are likely multiple generators and processes occurring 
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that could be producing the illustrated effects. To address the question of whether this is 

specifically an effect on the N170, source analysis, independent components analysis, or 

MRI study could be conducted in the future.  

Future studies could implement new tasks to measure emotion processing, 

considering hormone variables. For instance, the use of eye tracking could assist in 

interpretation if after sleep loss people use different strategies to study the emotion in a 

face. Emotion processing tasks that are appropriate for within-subjects design should be 

investigated. Given the novel findings with menstrual phase, investigation of the effect of 

sleep loss on frontal lobe functioning could be conducted with control of menstrual 

phase. As well, future research could administer hormones to investigate them as a 

mechanism in a direct manipulation, and to determine if administration could improve 

accuracy on emotion processing after sleep loss. Manipulation of hormones and the 

timing and length of various sleep loss protocols would allow for the relationship 

between these variables to be better outlined. Future research will be able to address some 

of the limitations of the current study and further elucidate the role of hormones in the 

relationship between sleep loss and the processing of emotionally salient stimuli.  

Conclusion 

Sleep loss has substantial effects on the typical functioning of the brain during the 

processing of emotional information, and research has supported a trait like effect of 

individual vulnerability to sleep loss. It is important to be able to understand what factors, 

whether it be low concentrations of testosterone, or being in the luteal phase of the 

menstrual cycle, make an individual more vulnerable to the effects of sleep loss. Many 

occupations lead people to obtain less than an ideal quantity of sleep, or work night shifts 
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where they are expected to be able to perform at optimal levels. It is also important to 

understand how the modifications in sleep affect waking function to determine what 

impacts minor changes in sleep can have on social relationships and society.  
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Appendix A 

Brock University  
 Research Ethics Office  

  

 Tel: 905-688-5550 ext. 3035  
 Email:  reb@brocku.ca  

   Bioscience Research 
Ethics Board  

  

 
  

Certificate of Ethics Clearance for Human Participant Research  
  

 
                                   

  

DATE:  October 28, 2013        

PRINCIPAL INVESTIGATOR:  COTE, Kimberly - Psychology    

FILE:  12-174 - COTE  

TYPE:  Faculty Research  STUDENT:  Kevin MacDonald  

    SUPERVISOR:  Kimberly Cote  

TITLE:  The impact of sleep restriction on attention, memory, and emotion  

 
  

ETHICS CLEARANCE GRANTED  

  

Type of Clearance:  MODIFICATION  Expiry Date:  3/31/2014  

 
  

The Brock University Bioscience Research Ethics Board has reviewed the above named research 

proposal and considers the procedures, as described by the applicant, to conform to the 

University’s ethical standards and the Tri-Council Policy Statement.  Clearance granted from 

10/28/2013 to 3/31/2014.    

  

The Tri-Council Policy Statement requires that ongoing research be monitored by, at a minimum, 

an annual report.  Should your project extend beyond the expiry date, you are required to submit 

a Renewal form before 3/31/2014.  Continued clearance is contingent on timely submission of 

reports.  

  

To comply with the Tri-Council Policy Statement, you must also submit a final report upon 

completion of your project.  All report forms can be found on the Research Ethics web page at 

http://www.brocku.ca/research/policies-and-forms/research-forms.    

  

In addition, throughout your research, you must report promptly to the REB:  

a) Changes increasing the risk to the participant(s) and/or affecting significantly the 

conduct of the study;  

b) All adverse and/or unanticipated experiences or events that may have real or 

potential unfavourable implications for participants;  

http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
http://www.brocku.ca/research/policies-and-forms/research-forms
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c) New information that may adversely affect the safety of the participants or the 

conduct of the study;  

d) Any changes in your source of funding or new funding to a previously unfunded 

project.  

  

We wish you success with your research.  

  

  

  

Approved:        

    

    Brian Roy, Chair  

    Bioscience Research Ethics Board   

  

Note:  Brock University is accountable for the research carried out in its own jurisdiction or under 

its auspices and may refuse certain research even though the REB has found it ethically 

acceptable.  

  

If research participants are in the care of a health facility, at a school, or other institution 

or community organization, it is the responsibility of the Principal Investigator to ensure 

that the ethical guidelines and clearance of those facilities or institutions are obtained and 

filed with the REB prior to the initiation of research at that site.  
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Appendix B 

Table 21. 

Menstrual Phase Verification Data Based on Self-Report, Estradiol and Progesterone  

 

Participant Phase Group

Self-Reported

 Day in Cycle

Approximate Number

 of Days in Cycle

Average

 Estradiol

Average

 Progesterone

RR84 Active C 1 30 3.29 38.99

KM45 Active SR 1 21 3.83 41.37

BM91 Follicular C 12 30 3.55 48.33

BV74 Follicular C 11 28 15.94 89.74

DF63 Follicular C 16 25 1.34 35.04

KC116 Follicular C 14 35 5.47 39.56

KS104 Follicular C 10 25 1.11 35.55

MB04 Follicular C 14 30 1.63 43.89

ME44 Follicular C 8 22 1.93 64.09

MK101 Follicular C 12 32 1.82 27.02

PM111 Follicular C 11 29 1.74 36.38

SH75 Follicular C 8 32 1.54 33.53

TL33 Follicular C 16 30 1.83 39.33

ZE40 Follicular C 9 28 2.04 33.51

Mean Follicular C 2.18 39.66

AB105 Follicular SR 9 32 1.97 29.71

AS47 Follicular SR 10 28 1.66 25.36

AS94 Follicular SR 8 28 1.19 26.75

BB118 Follicular SR 15 33 1.25 24.42

CG62 Follicular SR 12 30 5.29 42.22

JB43 Follicular SR 10 26 2.55 28.63

KH102 Follicular SR 13 28 1.87 38.27

MD114 Follicular SR 10 30 1.52 31.61

NP17 Follicular SR 8 25 1.18 25.13

SD70 Follicular SR 8 28 8.40 59.10

SK97 Follicular SR 11 28 1.64 26.78

SW95 Follicular SR 9 30 1.55 28.92

UH117 Follicular SR 11 30 2.37 29.92

Mean Follicular SR 2.49 32.06

BT76 Luteal C 22 28 1.93 92.78

DX86 Luteal C 17 30 4.90 124.37

HA46 Luteal C 21 30 1.15 30.26

IB110 Luteal C 21 26 6.23 61.15

KE64 Luteal C 18 30 1.74 73.38

KK58 Luteal C 19 29 1.89 65.84

MD71 Luteal C 19 31 1.97 77.40

PA109 Luteal C 19 26 1.50 29.54

ST36 Luteal C 34 33 7.70 64.54

SZ77 Luteal C 20 25 2.40 41.49

VS51 Luteal C 24 29 1.55 89.54

Mean Luteal C 2.88 71.21

AG85 Luteal SR 20 27 4.77 82.59

AP30 Luteal SR 33 31 6.37 55.11

AS32 Luteal SR 24 28 15.55 372.36

BM83 Luteal SR 18 28 1.88 66.53

KA78 Luteal SR 22 30 5.14 110.63

KB67 Luteal SR 22 29 9.33 90.75

ND50 Luteal SR 25 28 3.34 121.35

RI112 Luteal SR 24 30 4.82 40.33

SS72 Luteal SR 21 18 1.35 41.57

RC10 Luteal SR 25 29 1.63 104.25

MS81 Luteal SR 22 32 1.29 110.53

Mean Luteal SR 3.62 78.58
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Figure 51. Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews 

Immunology] (Wira, C.R., Rodriguez-Garcia, M., & Patel, M.V. (2015). The role of 

sex hormones in immune protection of the female reproductive tract. Nature 

Reviews Immunology, (15), 217-230.  
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Appendix C 

MENSTRUAL CYCLE QUESTIONNAIRE (2014) 

 

Please answer the following questions about YOUR MENSTRUAL CYCLE: 

 

1. Do you have a regular menstrual cycle?  YES  /  NO 

 

2. If yes, how many days are there between the beginning of one menstrual period (first 

day of bleeding) and the beginning of the next?___________________  days 

 

3. Number of days of menstruation (bleeding): ___________________  days 

 

4. Date of last menstruation (first day of bleeding): Date: ______________________ 

 

5. If you have an irregular cycle, what is the range (shortest to longest) for the number 

of days between each menstrual period (first day of bleeding) _____________  days 

 

6. Do you use any form of birth control / contraception, Specify what: 

_______________________________________________________________  

 

Thank you for the information.  

 

 

 

Appendix _______ 

 

 

 

 

 

For use by research staff only: 

 

Participant ID: ____________    

 

Date completed: _________________      

Range of dates to run in Follicular phase: _________________      

Range of dates to run in Luteal phase: _________________      

 

Note: Do not schedule Day 1-7, where Day 1 = the onset of menses. Schedule in Follicular Phase (Day 
7-14) or Luteal Phase(Day 15-26), ideally midway in either phase. 
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Appendix D 

Telephone Interview Script 

Sleep Restriction 2013 Study (updated 2014) 
 

I. DESCRIBE STUDY: 

We are interested studying the effects of sleep loss on attention and emotion. In this study, 

some people will be asked to restrict their sleep to 4 hours on one night, while others will 

be asked to sleep for 8 hours. Participants will then be asked to spend one afternoon in the 

Sleep Research Laboratory where EEG will be recorded to measure brain activity while 

performing various computer tasks of attention and emotion.  

 

Here are the details of what would be expected of you: 

1. First, we will get some information from you on the phone today to see if you meet 

our basic criteria for participation. 

 

2. If you are suitable for the study, we will then ask you to attend a 1 1/2-hr 

ORIENTATION session where you will tour the Sleep Lab, and be given a full 

consent form  – this provides details about the study – and you can decide whether 

or not you are interested in full participation at that time.  You will then complete 

a series of questionnaires, have your heart rate recorded, and practice the 

computerized cognitive tasks that we will use in the main study. The questionnaires 

will ask questions about your physical and mental health, sleep habits and 

personality.  These questionnaires will confirm that you meet all of the eligibility 

requirements for this study. 

3. If you wish to participate, you will then be asked to complete a sleep/wake diary 

from home each morning and wear an Activity Monitor (that looks like a wrist 

watch) for a period of one week prior to participation in the study. You will be 

asked to keep a regular sleep/wake schedule that week, sleeping for about 8 hrs 

each night from approximately 11pm-7am (or midnight-8am). 

 

If you are deemed ineligible or if you choose not to participate in the laboratory study, there 

will be no compensation for the pre-study screening (that is, the orientation session, and 

sleep diaries/activity monitor for the week prior to the main study day). If you do not 

complete the main part of the study for whatever reason, all of the information you provided 

in pre-study screening will be destroyed. 

 

4. For the main part of the study, you will be scheduled to spend one afternoon in 

the Sleep Laboratory, from 1-6pm for a performance assessment. You will have 

your brain activity recorded using an electrode cap while performing computer 

tasks.  You will also be asked to provide saliva samples at various times by spitting 

into a test tube because we are measuring hormones. Also, you may or may not be 

asked to restrict your sleep on the prior night.  

 

For complete participation, you will be given a $50 honorarium. 
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Are you interested? [yes] – Ok, I have a few questions for you to make sure you are 

suitable for the study. If you are the type of person we are looking for, we will schedule 

your orientation appointment. 

 

Telephone Interview 

Sleep Restriction 2013 Study 
 

 

 

II. INCLUSION CRITERIA: 

First, do you think you would have any difficulty keeping a regular sleep schedule for the 

one week before the lab study, that is, sleeping about 8 hrs each night and going to bed 

from about 11pm-7am or midnight-8am (i.e., not staying up really late or sleeping in on 

any of the days for a week)? -

________________________________________________________________________

____ 

 

What days would you be free to participate from about 1-6pm (indicate schedule): 

________________________________________________________________________

__                       

Age (17-30): ____________                  

Weight (indicate kg or lbs): __________                                              

Gender:   M  /  F   

If female - do you have a “regular” menstrual cycle, and do you take any 

hormones for contraceptive purposes or to regulate your cycle (e.g., birth control 

pills, patches or injections)? [yes regular; no use of hormones - Must have not used 

for 2 months and now have regular cycle]: 

_____________________________________________________ 

Smoker:  Y  /  N     [no]  

Handedness:  R  /  L       [right]                                

How many caffeinated drinks do you typically have in a day [min - moderate, <3]: 

__________                    

Is English your first language (if not, did you learn before age 8 or describe fluency): 

________     

Do you have any difficulties with vision [OK with glasses/contacts], or hearing [no, in 

both ears]: _____________                       

  

III. Questions on SLEEP: 

1. Do you consider yourself to be a good sleeper? [yes]: 

________________________________  

2. What are your usual sleeping times [approx 23:00-

07:00]:_____________________________                                                                                                                                                             

3. How does this change on weekends? [sleeping-in a bit is ok] 

___________________________                                                                                                                                                                 

4. Do you have difficulty falling asleep at night [no]: 

Date:      ID CODE: 
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___________________________________    5. Do you wake up often during the night 

and are unable to return to sleep [no]:______________    6. Have you ever been 

diagnosed with a Sleep Disorder [no]:_____________________________      

7. Have you ever been told you kick your legs all-night long or stop breathing during the 

night? [no] 

________________________________________________________________________

__ 

8. Do you experience restless legs or a “creepy crawling” sensation before bed each 

night? 

[no] 

________________________________________________________________________

__                                                                                                                                                          

9. Would you describe yourself as excessively tired during the day [no]: 

____________________                                                                                                                                                                

10. Do you currently work shift work [no]; any history of shiftwork? 

______________________                                                                                                                                                                

11. Do you take daytime naps? Y  /  N 

       How frequently (# / week)  _________ Duration for each ______________ 

12. Have you ever pulled an all-nighter? How often/how many times etc? 

________________________________________________________________________

______ 

 

IV. Questions on HEALTH: 

1. Are you presently in good health [yes]: 

___________________________________________    2. Taking any medications [no]: 

__________________________________________________                                                                                                                                                          

3. Any history of depression, anxiety or schizophrenia 

[no]:____________________________    4. Any history of head injury (e.g., car 

accident, stroke, loss of consciousness), epilepsy, or other neurological condition [no]: 

______________________________________________________                                                                                                                                                                 

5. Any history of chronic pain [no]: 

_________________________________________________                                                                                                                                                                 

6. Any history of heart disease or cardiac abnormalities [no]: 

___________________________ 

   

 

                                                                                                                                                             

CONTACT INFORMATION: 

 

 

Name:  

Telephone Number(s):  

CELL NUMBER:  

Brock E-mail (required):  
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Alternate E-mail:  

Best time/ method for contact:  

 

 

 

Date for Orientation:  

 

Date for Day Study  

 
Note: ask about dreadlocks or braids as participation will NOT be possible due to EEG cap hook-up 

 

If suitable – schedule orientation. Any questions regarding eligibility should 

be run by Dr. Cote before orientation date. 
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Appendix E 

LETTER OF INFORMATION / CONSENT FORM 
BROCK UNIVERSITY SLEEP RESEARCH LABORATORY 

PSYCHOLOGY DEPARTMENT 

 

Title of Study: Impact of Sleep Restriction on Attention and Emotion  

Principal Investigator: Kimberly A. Cote, Ph.D. 

Co-investigator: Cheryl McCormick, PhD 

 
This letter of information/consent form is provided to you for your information on the 

website of the Brock University Sleep Research Laboratory. You should carefully read 

this form to understand all aspects of participation in the research study prior to 

completing the on-line eligibility questionnaires. By completing the on-line 

questionnaires, you are acknowledging that you have read and understood this form and 

you are providing consent to participate in the full research study. You will be asked to 

sign this form and be given a copy during your next visit to the Sleep Laboratory. 

 

If you have questions about the details of this study prior to completing the on-line 

questionnaires, please call the Sleep Laboratory at 905-688-5550, ext.3795. 

 

 

Name of Participant: 

_____________________________________________________  
(Please print your name in the space above) 

 
PART A: INFORMATION ABOUT THE STUDY 

 

I understand that I am being invited to participate in a research study investigating 

alertness, attention, and emotion following one night of sleep restriction. This study will 

be of benefit to me because I will be able to learn about the impact of sleep loss on 

performance; as well, it will inform the scientific community about the impact of sleep loss 

on waking brain function.  

 

I understand that participation has four phases: 

 

5. Pre-study screening by telephone; 

6. A 1.5-hr orientation session in the Sleep Lab, where I will tour the facilities, 

complete questionnaires, have heart rate monitored, and practice the computerized 

cognitive tasks that will be used in the main study;  

7. Completion of a sleep/wake diary from home each morning and wearing an Activity 

Monitor (that looks like a wrist watch) for a period of one week at home prior to 

participation in the main study; 

8. Spending one afternoon in the Sleep Laboratory, from 1pm-6pm, for performance 
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assessment following a night on which my sleep may or may not have been 

restricted.  

 

Screening questionnaires will ask questions about physical and mental health, sleep habits, 

and personality. If responses or scores on these questionnaires raise concerns about mental 

health, you will be contacted and given information about available resources for 

counselling at the Student Development Center. 

 

 

During the phase 3, I understand that I must wear an Activity Monitor on my left-wrist at 

all times (except when showering, doing dishes, or swimming because it’s not waterproof) 

and that I must complete the daily sleep/wake diary on-line within 30 minutes of awakening 

each day. The sleep diary is available at: http://www.brocku.ca/sleeplab/sleeplab.php or 

can be completed on paper. I understand that I must keep a regular sleep/wake schedule 

during this week, retiring for bed and getting out of bed at the same times each day 

(typically sleeping for at least 8 hours sometime between the approximate hours of 11pm 

and 8am). I understand that I should not stay up late or sleep in on any days during this 

week. Further, I understand that I should eat regularly and minimize alcohol intake for the 

week.  

 

The diary and activity watch data will be examined to verify compliance with instructions 

to sleep regularly. I understand that there will be no compensation for the pre-study 

screening described above if I am deemed ineligible to participate or if I choose not to 

participate in the laboratory study (phase 4 above). If I withdraw or I am withdrawn by 

experimenters at this part of the study, my information will be destroyed. 

 

Prior to the main study in the Sleep Laboratory (phase 4 above), I understand that I must: 

 be in bed between 11pm and 07 am (getting out of bed at 07am sharp) on the prior 

night 

 drink no alcohol on the prior night 

 drink no caffeine on the day of the study 

 take no naps on the day of the study 

 obtain no vigorous exercise on the day of the study  

 

I understand that I will be informed as to whether I am in the Sleep group (sleep 8 hrs; time 

in bed is set at 11pm to 7am) or Sleep Restriction group (sleep 4 hours; time in bed is 

restricted to 3am-7am) by ee-mail on the day before the main study, and that I must reply 

to that e-mail message to verify receipt. I understand that I will also be sent study reminders 

by email. If assigned to the Sleep Restriction group, I understand that: 

 I can expect to feel sleepy on the next day 

 I must schedule extra time to sleep on the evening following the laboratory 

study 

 I must not drive to or from the laboratory that day (this is because sleep loss 

impairs cognitive function including motor ability, response time, and attention 

which may lead to an increased risk of accidents while driving, operating 

machinery, etc). If you live on campus, a research assistant will walk you back 

http://www.brocku.ca/sleeplab/sleeplab.php
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to your residence. You are encouraged to arrange someone to drive you to 

campus and pick you up on this day. If you cannot arrange a ride, a taxi service 

will be provided. 

 

On the day of the main study, I understand that I must eat breakfast soon after awakening, 

and eat lunch at 12:00 noon. I must arrive to the Sleep Lab (MC-B416 – 4th floor above 

Psyc Dept) at 1pm sharp. 

 

During the main study day, I understand that my brain activity will be monitored using an 

electrode cap, and that additional electrodes will be taped on my face (near eyes, under 

chin, and on chest) to monitor eye movements, muscle activity and heart rate.  

 

During the main study day, I understand that I will perform a variety of computerized tasks 

designed to measure processing of emotional faces and picture scenes. In addition, I will 

play a computerized game of competition that is designed to examine the effects of 

sleepiness on game playing. Further, I understand that I will complete various surveys to 

provide subjective information on alertness, mood, and perception of performance. 

 

I understand that I will be asked to provide saliva samples (by spitting into a test tube) at 

five different times during the study to measure hormones. 

 
PART B: INFORMATION ABOUT STUDY RISKS AND YOUR RIGHTS AS A 

PARTICIPANT 

 

I understand that I may experience some skin irritation (redness and dry skin) as a result of 

having electrodes attached to my scalp and face. This is temporary and may be reduced by 

applying moisturizing cream to the areas where electrodes were placed. 

 

If assigned to the sleep restriction condition, I understand that this level of sleep loss will 

cause impairments to cognitive function and mood, including motor ability, response time, 

and decision making. I understand that precaution must therefore be taken; specifically, I 

should not drive or operate machinery. At the end of the study, I understand that I should 

return home immediately and plan to get extra sleep that night by planning to go to bed 

earlier and wake up later. I understand that I should normally feel rested again after one 

night of sleep, but that I should continue to extend sleep time (by going to bed earlier and 

getting up later, or by napping) until I feel sufficiently rested to function normally (i.e., feel 

alert and able to maintain wakefulness throughout the day). 

 

I understand the importance of following the above instruction pertaining to sleep and 

activities, and that I may be withdrawn from the study for failure to comply with 

instructions. I understand that there will be no compensation if I am removed from the 

study for non-compliance. 

 

I understand that the Sleep Laboratory facilities are under 24-hour video surveillance. All 

activities in the main laboratory, bedrooms, and the kitchen/lounge areas are recorded and 

stored in the Sleep Laboratory until completion of the study. The videotaped data will not 

be used in public presentation or advertising. 
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I understand that I will receive an honorarium or credit for my participation. I will be paid 

a total of $50 for completion of the full study, or receive 3-hrs course credit (if applicable 

for one of your Psychology courses). If I withdraw or do not meet study inclusion criteria 

after the screening procedures (phases 1 - 3), there will be no compensation. I understand 

that should I withdraw from the study, researchers will destroy any data that I have 

provided upon request. 

 

I understand that my participation is voluntary and I may withdraw from the study at any 

time, for any reason, without penalty. I am under no obligation to answer any question or 

participate in any aspect of this project that I consider invasive, offensive, or inappropriate. 

I understand that I may ask further questions at any time.  

 

I understand that all personal data will be kept strictly confidential and all information will 

be coded so that my name is not associated with my answers. Only the researchers named 

above, and research assistants working under supervision of these researchers, will have 

access to the data. Data will be kept in the Sleep Research laboratory indefinitely. I 

understand that I am not anonymous in this study because the nature of the study requires 

that research assistants interact with each participant in the laboratory on a one-to-one basis 

and have contact information to schedule appointments. 

 

Your signature below indicates that, you are of the age of legal consent (i.e., 17 years 

or older), you have read and understood the procedures of the study, and you agree 

to participate. 

 

Participant’s Signature____________________________   Date 

__________________________  

(to be signed during your visit to the Sleep Laboratory for orientation) 

 

 
PART C: CONTACT INFORMATION  

 

This research is funded by the Natural Science and Engineering Research Council 

(NSERC) of Canada. This study has been reviewed and cleared by the Bioscience 

Research Ethics Board (File # 12-174). For answers to questions about your rights as a 

research participant, contact the Research Ethics Officer, at (905) 688-5550 ext. 3035, or 

reb@brocku.ca. 

 

If you have any questions or concerns about your participation in the study you may 

contact the Principle Investigator, Dr. Kimberly Cote in the Psychology Department at 

(905) 688-5550, extension 4806.  

 

No individual feedback from the sleep study or performance data may be provided at any 

time. Feedback about the outcome of the study will be available by request after final 

publication of the data (email: kcote@brocku.ca).  
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Please take a copy of this form with you for future reference. IF YOU NEED TO 

CONTACT THE LABORATORY REGARDING YOUR APPOINTMENT OR STUDY 

PROCEDURES, PLEASE CALL US AT 905-688-5550, EXT. 3795. 

 

I have fully explained the procedures of this study to the above volunteer.  

   

Researcher’s Signature___________________________Date 

_____________________________    
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Appendix F 

Table 22. 

Number of Trials t-tests N170 

 

Table 23. 

Paired Samples t-test of Number of Trials N170 

 

Table 24. 

Paired Samples t-test of N170 Amplitude by Group 

 Control M SD Sleep Restriction  M SD t df p

Happy 67.06 13.96 63.81 13.08 0.955 61 0.343

Sad 52.63 14.46 46.00 11.77 1.988 61 0.051

Fear 57.63 19.26 53.13 14.53 1.055 62 0.295

Angry 56.63 21.95 49.00 12.98 1.691 62 0.096

Controls M SD t df p

Happy vs Sad 14.44 9.53 8.57 31 <.001*

Happy vs Fear 9.44 15.61 3.42 31 0.002*

Happy vs. Angry 10.44 21.28 2.77 31 0.009*

Sad vs Fear -5.00 16.11 -1.76 31 0.089

Sad vs Angry -4.00 22.94 -0.99 31 0.332

Fear vs Angry 1.00 17.72 0.32 31 0.752

Sleep Restriction M SD t df p

Happy vs Sad 18.60 13.11 7.77 29 <.001*

Happy vs Fear 10.26 12.14 4.71 30 <.001*

Happy vs. Angry 14.90 11.62 2.09 30 <.001*

Sad vs Fear -7.84 14.25 -3.06 30 0.005*

Sad vs Angry -3.03 10.03 -1.68 30 0.103

Fear vs Angry 4.13 12.37 1.89 31 0.069
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Table 25.  

Latency t-tests for N170 Amplitude 

 

Table 26. 

Number of Trials t-test for LPP Amplitude 

 

Controls M SD t df p

Happy vs Sad 0.13 2.41 0.30 31 0.765

Happy vs Fear -0.09 2.67 -0.20 31 0.843

Happy vs. Angry 0.89 2.70 1.86 31 0.073

Sad vs Fear -0.22 1.99 -0.63 31 0.531

Sad vs Angry 0.76 2.77 1.55 31 0.130

Fear vs Angry 0.98 2.71 2.05 31 0.049*

Sleep Restriction M SD t df p

Happy vs Sad 0.63 2.48 1.40 29 0.172

Happy vs Fear -0.77 1.94 -2.21 30 0.035*

Happy vs. Angry -0.59 1.96 -1.68 30 0.103

Sad vs Fear -1.17 2.26 -2.89 30 0.007*

Sad vs Angry -1.11 2.49 -2.49 30 0.018*

Fear vs Angry 0.09 2.35 0.21 31 0.833

 Control M SD Sleep Restriction M SD t df p

Happy 170.84 14.98 173.07 13.30 -0.622 61 0.537

Sad 169.38 13.44 173.36 14.58 -1.127 61 0.264

Fear 169.03 8.94 172.72 15.04 -1.192 62 0.238

Angry 170.63 14.93 171.66 11.57 -0.309 62 0.758

 Control M SD Sleep Restriction M SD t df p

Postive 39.00 7.20 37.20 9.49 0.90 70 0.374

Neutral 26.06 7.31 26.78 7.50 1.31 70 0.196

Negative 41.06 8.33 38.89 7.83 1.14 70 0.260


