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General Abstract 

Insufficient sleep has been associated with deficits in emotion processing; sleepy 

individuals show increased emotional reactivity and decreased emotion regulation. 

Individual differences that predict performance after sleep loss has remained largely 

elusive. Concentrations of cortisol, progesterone, and testosterone are candidate 

predictors for variability in performance following sleep loss. These hormones are 

associated with emotion functioning under well-rested conditions and show interactions 

with sleep and circadian rhythms. The central aim of this dissertation was to investigate 

the interaction of natural sleep and hormones on measures of emotion functioning.  

Study 1 examined the role of cortisol in the relationship between sleep (across the 

first three years of university), and self reported emotion functioning in undergraduate 

students. Poor sleep was associated with worse emotion regulation and reactivity, and 

greater concentrations of cortisol and cortisol/DHEA-S. Consistently poor sleepers over 

three years, who had high cortisol, experienced the greatest difficulties with emotion 

regulation. Study 2 investigated the association between sleep satisfaction and objective 

measures of sleep on self-reported emotional functioning in a group of children and 

adolescents. Importantly, in girls who were dissatisfied sleepers, being further though 

puberty was associated with the greatest difficulties with emotion regulation.  

Study 3 examined natural sleep, hormones, and menstrual phase on processing 

emotional stimuli. Participants completed sleep diaries and wore actigraphy watches for 

3-weeks and completed measures of emotion perception on two occasions in the 

laboratory, in different menstrual phases for women. The study supported dynamic 

relationships between hormone concentrations and various measures of sleep duration 
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and quality on the processing of emotion stimuli. Many relationships emerged for 

threatening emotions, indicating that high concentrations of testosterone, progesterone or 

cortisol, combined with poor sleep resulted in increased sensitivity towards threat 

detection.  

Together these studies provide evidence that hormones are an important factor in 

understanding the link between poor sleep and emotion functioning. Hormone 

concentration plays a role in understanding individual differences in response to sleep 

loss and can compound with sleep loss to result in worse emotional outcomes. 

Consideration of hormonal factors may help identify certain at-risk populations for sleep 

related deficits or timing of interventions. 

Keywords: sleep, emotion reactivity, emotion regulation, cortisol, testosterone, 

progesterone, menstrual phase, puberty 
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Preface and Organizational Note 

The first two studies of this dissertation were drawn from larger longitudinal 

datasets that had been collected by Dr. Teena Willoughby at Brock University. Although 

the focus of these projects was not sleep, the surveys contained questions on sleep 

behaviours and emotion functioning which provided an opportunity to investigate the 

questions of interest in large and naturalistic samples. The first study focused on 435 

undergraduate students across their first three years of university, while the second study 

was in 256 children and adolescents. The final study was designed to investigate the core 

questions of this dissertation with greater experimental control in a sample of 62 

undergraduate students while controlling for menstrual phase.  
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Chapter 1  

General Introduction  

Sleep and Emotion Functioning 

Sleep has been long suspected to relate to emotion functioning due to the 

prevalence of sleep disturbance accompanying many psychiatric disorders, such as 

depression and bipolar disorder (for review see Harvey, Murray, Chandler, & Soehner, 

2011). Insomnia has been identified as a risk factor in development of depression, and 

sleep deprivation as a factor that can lead to worsening of symptoms in mood disorders 

(Harvey et al., 2011; Perlis et al., 2006). These associations between poor or insufficient 

sleep and emotion functioning have led to an abundance of recent research on sleep and 

emotion processing; that is, how emotionally valanced stimuli are encoded and attended 

to, and the behavioural and physiological/neural response to these stimuli after sleep loss.  

Much of the literature has focused on the effects of sleep deprivation on emotional 

stimuli (see Cote et al., 2019 for review). While some studies find overall blunting of 

emotional performance after sleep loss (van der Helm, Gujar, & Walker, 2010; Minkel, 

Htaik, Banks, & Dinges, 2011), more studies have found that sleep deprivation is 

associated with a negative bias in emotional ratings and increased behavioural response 

(greater negative emotions or negative facial expression) to emotional stimuli (Yoo et al., 

2007; Wagner, Fischer, & Born, 2002; Gujar, McDonald, Nishida, & Walker, 2011; 

Lustig et al., 2018; Tempesta et al., 2010; Baum, Desai, Field, Miller, Rausch, & Beebe, 

2014; Berger, Miller, Seifer, Cares, & LeBourgeois, 2012). Although a smaller literature, 

similar results have been found in studies of naturalistic sleep, where worse sleep quality 

or shorter duration is associated with poor performance or a negative bias on emotional 
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tasks (Soffer-Dudek, Sadeh, Dahl, & Rosenblat-Stein, 2011). For instance, shorter sleep 

duration has been associated with more attention directed towards negative images than 

neutral (Nota & Coles, 2018), and other studies have found greater memory for negative 

stimuli in individuals with poor sleep quality (Gobin, Banks, Fins, & Tartar, 2015), or 

more negative affect after unpleasant life events with poor sleep quality (O’Leary, Small, 

Panaite, Bylsma, & Rottenberg, 2017). Behaviourally, sleepy individuals are often less 

accurate in categorization of emotional stimuli than their well-rested counterparts, and 

multiple studies have shown particular deficits for emotions, such as sad faces (Killgore, 

Balkin, Yarnell, & Capaldi II, 2017; Lustig et al., 2018; Cote, Mondloch, Sergeeva, 

Taylor, & Semplonius, 2013). Despite this difficulty with emotional categorization, there 

is an increased reactivity to emotional stimuli (particularly negative and threatening ones) 

when considering electrophysiological and imaging methods that highlight potential 

mechanisms for performance changes.  Increased reactivity to potentially threatening 

stimuli may be adaptive during times of sleep deprivation, as it is safer to reduce the 

threshold for false alarms than it is to risk danger during times of decreased attention 

(Tempesta et al., 2010). 

Proposed Mechanisms of How Sleep Affects Emotion Processing  

Behavioural Evidence 

 Behaviourally, difficulties regulating emotions have been associated with 

insufficient or poor-quality sleep, on both task and self-report measures (Amiri & 

Isazadegan, 2017). In a lab study, Mauss, Troy and Lebourgeois (2013) had participants 

rate their sleep quality over the past week and found that this was positively associated 

with ability to use a cognitive reappraisal regulation strategy to view sad video clips less 
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negatively. In a sample of individuals diagnosed with depression and anxiety, poor self-

reported sleep quality was associated with less dorsal anterior cingulate cortex activation 

during a reappraisal task, which supports a deficit in cognitive control of regulatory 

processes associated with poor sleep (Klump, Roberts, Kapella, Kennedy, Kumar, & 

Phan, 2017). Self-report studies on subjective measurements of sleep and emotion 

regulation have also supported a relationship between poor sleep and regulatory ability. 

For instance, a study in university students who had experienced symptoms of post 

traumatic stress disorder (PTSD) found an association between sleep quality and 

difficulties in regulating emotion, even after controlling for the severity of PTSD 

symptoms (Pickett, Barbaro, & Mello, 2016). As well, poor emotion regulation 

difficulties have been shown to be a partial mediator in the relationship between poor 

sleep quality and aggression (Kirwan, Svenson, Pickett, & Parkhill, 2019). Behavioural 

difficulties in emotion regulation associated with poor sleep may serve as a potential 

mechanism leading to the increased behavioural response, negative bias, or worsening of 

symptoms for mood disorders seen after poor sleep. The loss of regulatory control over 

emotion processing has also been supported by imaging and electrophysiological data.  

Imaging and Electrophysiological Evidence 

Electroencephalography (EEG) 

 EEG recordings have largely supported a role for increased reactivity to emotional 

stimuli after sleep loss. For instance, in one sleep deprivation study that presented 

morphed emotional faces that were more subtle  in emotion expression, there was a larger 

amplitude N170 event-related potential (ERP) to angry and fearful faces, but a smaller 

N170 to sad faces after a 24-hour sleep deprivation protocol (Cote et al., 2013). The 
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N170 is thought to be specific to encoding of the structural features of faces, as it is larger 

to faces compared to other stimuli such as cars (Roisson, & Caharel, 2011). Some studies 

have found a role for N170 reflecting processing the emotion of the face, with larger 

amplitudes for high arousal emotions such as fear or anger (e.g., Almeida et al., 2016; 

Maratos, Garner, Hogan, & Anke, 2015).  

The Late Positive Potential (LPP) ERP is often used in the study of emotion, as it 

reflects greater sustained attention towards emotional images (both positive and negative) 

compared to neutral images (Liu, Huang, McGinnis-Deweese, Keil, & Ding, 2012; 

Olofsson et al., 2008). In a sleep deprivation study, a larger LPP was found for both 

positive and especially negative images, but not neutral images (Cote, Jancsar, & Hunt, 

2015). Additionally, lower levels of trait reappraisal were associated with an amplified 

LPP response to negative images when sleep deprived, suggesting that a lower level of 

regulatory control led to an increased reactivity to negative emotional stimuli following 

sleep deprivation. In a four-hour sleep restriction study, a larger LPP to positive 

compared to neutral stimuli was seen in sleep-restricted participants (Lustig et al., 2018). 

These differences for positive or negative stimuli may have resulted due to differences in 

the degree of sleep loss. For instance, more severe sleep deprivation may result in the 

typical boost to threat processing, while more subtle sleep restriction could increase 

response to emotional stimuli more generally. Another sleep deprivation study found an 

increase in LPP amplitude towards neutral stimuli compared to baseline, and the authors 

argued that this result was likely due to participants being more likely to view neutral 

stimuli as emotional in valence (Alfarra, Fins, Chayo, & Tartar, 2015).  
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Comparatively, a study on steady-state visual evoked potentials found no 

difference between attention towards stimuli placed on a neutral or negative background 

after sleep deprivation, although there was a difference when well-rested (Simon et al., 

2015). Again, this result could emerge due to an emotional tone being applied to neutral 

stimuli when sleep deprived.  

Imaging  

There have been multiple studies that have found changes in amygdala reactivity 

to threatening stimuli and reductions of activity in or connectivity with regulatory regions 

that serve as a likely mechanism for the negative bias and emotional deficits after poor 

sleep. After 35 hours of sleep deprivation, participants displayed 60% greater amygdala 

activation compared to well-rested controls when viewing negative images, and there was 

three times more area of the amygdala that was activated (Yoo et al., 2007). Sleep 

deprived individuals also had less functional connectivity between the medial prefrontal 

cortex and the amygdala than well-rested controls and greater connectivity between the 

amygdala and brainstem, suggesting a reduction in top down regulation from frontal areas 

leading to an overreaction to stimuli. Similarly, multiple nights of sleep restriction have 

been associated with increased reactivity in the amygdala for fearful faces, as well as 

reduced functional connectivity between the amygdala and ventral anterior cingulate 

cortex (Motomura et al., 2013). This change in functional connectivity was also 

correlated with the increased activity in the amygdala and reports of poor mood. 

Reductions in amygdala and medial prefrontal cortex connectivity during rest after sleep 

restriction have also been associated with mood, and this connectivity reduction was 

larger for individuals who experienced lower amounts of REM sleep, suggesting REM 
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sleep may be an important factor in producing these functional changes (Motomura, 

Katsunuma, Yoshimura, & Mishima, 2017). Other studies have also supported increases 

in activation of emotion processing regions after sleep deprivation, including the ventral 

tegmental area, left putamen of the dorsal striatum, and insular cortex (Gujar, Yoo, Hu, 

and Walker, 2011).  

 A reduction in top-down control from regulatory regions and increased amygdala 

reactivity has also been illustrated when considering more natural variations in sleep 

quality and duration. Shorter sleep in adolescents has been associated with reduced 

functional connectivity between the amygdala and ventral anterior cingulate cortex, 

precentral gyrus, and superior temporal gyrus during rest (Hehr, Marusak, Huntley, & 

Rabinak, 2019). Longer self-reported sleep duration has been associated with a greater 

functional connectivity between the right ventromedial prefrontal cortex and amygdala 

and associated with better emotional intelligence (Killgore, 2013). Imaging studies have 

pointed to decreases in functional connectivity between the amygdala and regulatory 

brain regions as a mechanism in both increased reactivity towards emotional stimuli, and 

difficulties in regulating emotional responses due to reduced communication efficiency 

(Motomura et al., 2013; Yoo et al., 2007) 

A Role for REM Sleep and Cellular Evidence 

A role for rapid eye movement (REM) sleep has been identified in the processing 

and memory of emotional stimuli and may play a mechanistic role in deficits on emotion 

processing following sleep loss. For instance, a REM sleep and slow wave sleep (SWS) 

deprivation study found that emotional memory for negative images was greater when 

REM sleep was obtained, even in the absence of SWS, suggesting an important role for 
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REM in emotional memory (Wiesner et al., 2015). This result of better memory for 

emotional material than neutral material has also been supported in a nap study, where 

amount of REM sleep and also amount of right prefrontal theta was correlated with the 

emotional benefit to memory (Nishida, Pearsall, Buckner, & Walker, 2008).  

In terms of emotional reactivity, a daytime nap that contains REM sleep has been 

shown to reduce intensity ratings for angry and fearful faces, while not receiving a nap 

results in a general increase in behavioural reactivity over time (Gujar, McDonald, 

Nishida, & Walker, 2011). Similarly, deprivation of REM sleep leads to increases in 

behavioural reactivity (Lara-Carrasco, Nielsen, Solomonova, Levrier, & Popova, 2009; 

Rosales-Lagardes et al., 2012), as evidenced by higher intensity ratings, and more 

decisions to ‘shoot’ in threatening scenes. Additionally, Rosales-Lagardes and colleagues 

found a lack of neural habituation to threatening stimuli after REM deprivation in a 

second viewing of the task (Rosales-Lagardes, et al., 2012). Furthermore, a full night of 

sleep has been associated with decreases in amygdala reactivity towards emotional 

stimuli, an increase in functional connectivity between the amygdala and the 

ventromedial prefrontal cortex, and a decrease in behavioural reactivity (van der Helm et 

al., 2011). 

Taken together, these results consistently demonstrate that REM sleep is 

associated with a greater memory for emotional items, but also a reduction in reactivity 

towards emotional stimuli. A “sleep to remember, sleep to forget” hypothesis of 

emotional memory has thus been proposed, where REM sleep is associated with a boost 

to emotional memories, but a removal of the emotional reactivity connected to the event 

(Walker, 2009). This relationship demonstrates a role for REM sleep in offline emotion 
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processing, and highlights lack of REM sleep as an important factor in altered emotion 

processing that is characteristic of sleep deprivation.  

 Theta during REM sleep seems to play a role in this effect, as multiple studies 

have found correlations with prefrontal theta and memory benefits (Nishida et al., 2008; 

Sopp, Michael, Wee, & Mecklinger, 2017). During REM sleep, there is evidence of theta 

frequency oscillations (4-8 Hz) occurring in the basolateral amygdala and other areas of 

the limbic system, such as the DLPFC and ACC, similar to when in times of high 

emotional arousal during wakefulness (as reviewed in Pare, Collins, & Guillaume 

Pelletier, 2002; Vijayan, Lepage, Kopell, & Cash, 2017). The authors suggest that this 

pattern explains the role of REM sleep in emotional memory consolidation and emotion 

regulation and suggests that theta rhythms promote communication and plasticity 

between other limbic structures. 

 Additionally, acetylcholine release is greatest during REM sleep in the basal 

forebrain, and cholinergic receptors, such as nicotinic receptors have been implicated in 

mood disorders supporting a potential effect on emotion function (Vazquez & 

Baghdoyan, 2000; Graef, Schonknecht, Sabri, & Hegerl, 2011). As well, a role for 

epinephrine has been identified, as REM sleep is associated with very low levels, and 

adrenergic neurons play a role in emotion regulation and high levels can be associated 

with anxiety and stress (as reviewed in Walker, 2009). Low levels of gamma activity 

during REM sleep is associated with low levels of epinephrine, and individuals with low 

levels of gamma EEG have been shown to have greater decreases in emotional reactivity 

over a night of sleep (van der Helm et al., 2011). Overall, REM sleep seems to be 

important in the reduction of reactivity to emotional stimuli that builds up during 
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prolonged wakefulness. As REM sleep is more predominant near the end of the sleep 

period, individuals who restrict their sleep may be especially likely to disrupt REM sleep, 

and thus, susceptible to effects of REM deprivation on emotion.  

 Overall, more research is needed on how sleep deprivation causes changes in 

functional connectivity and amygdala. Mu and Huang (2019) in their review proposed a 

potential role for the cholinergic system in the effect of sleep loss on emotion 

functioning. They argued that due to the relationship between projections between the 

medial habenula and interpeduncular nucleus and interneurons surrounding the striatum 

and nucleus accumbens, and their role in emotion processing and affect, and the role for 

cholinergic neurons in dopamine activation in the ventral tegmental area, it is clear that 

the cholinergic system plays a role in emotion functioning. This idea, combined with the 

important role of the cholinergic system for the basal forebrain in wakefulness and the 

build up of adenosine over prolonged wakefulness decreasing firing of cholinergic 

neurons, suggests that changes to the cholinergic system after sleep loss could explain 

emotion-related deficits. They argued that further research should be done on overlapping 

cholinergic networks to investigate their role in sleep-loss related changes. Considering 

the activity of the cholinergic system during REM sleep as well, these networks may be 

especially important to sleep-loss related emotion deficits.  

Understanding Individual Differences in Response to Sleep Loss 

 Multiple studies have found that vulnerability to the effects of sleep deprivation 

on tests of psychomotor vigilance and attention appear trait-like, although determining 

the individual predictors of performance deficits have met with limited success (Goel & 

Dinges, 2012; Chua, et al., 2014a; Van Dongen, Baynard, Maislin, & Dinges, 2004). 
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Additionally, the pattern of vulnerability differs based on the faculties the task relies on, 

whether it be vigilance, working memory, subjective measures of sleepiness or mood (for 

review see Tkachenko, & Dinges, 2018; Van Dongen et al., 2004). The effect of 

individual differences on response to sleep deprivation has been shown to be large and 

has led to the search for potential markers. Genetic studies have provided some insight 

into potential markers, such as the PER3 clock gene which can lead to a more rapid 

accumulation of sleep pressure in some individuals (Maire et al., 2014), the COMT 

Val158Met gene associated with dopamine which is predictive of changes in sleep 

architecture, although not performance, after sleep deprivation (Goel, Banks, Lin, 

Mignot, & Dinges, 2011), as well as other genes impacting acetylcholine and adenosine 

(for review see Tkachenko & Dinges, 2018). Higher theta activity and more variability in 

performance at baseline, both indicators of higher sleepiness, have also been associated 

with greater vulnerability to the effects of sleep deprivation (Chua et al., 2014b). Even 

factors such as the ability to identify different odors has been found to be predictive of 

vulnerability to sleep deprivation on tasks of executive functioning, likely due to poor 

sense of smell being reflective of dysfunction in the prefrontal lobes (Killgore, Killgore, 

Grugle, & Balkin, 2010).  

 The wide range in response to sleep loss is an important factor to understand to be 

able to better predict sleep-related accidents and suitability for certain work environments 

that involve sleep disruption (Van Dongen & Belicky, 2009). However, these studies 

have focused mainly on predicting differences on sustained attention, and very little 

attention has been directed towards understanding individual differences in the 

processing of emotional information and emotion regulation, which could be very 



Chapter 1: LUSTIG 

11 
 

important in some professions or situations. Hormones are a possible candidate for 

investigating response to poor sleep on emotion functioning due to their wide inter-

individual variability and associations with emotion performance in well-rested 

individuals. As most of the research has focused on circadian and homeostatic sleep 

markers, the role of hormones has remained previously uninvestigated. Although the 

literature supports a replicable and trait-like response to sleep loss, the wide range due to 

individual differences and the variability within an individual could be associated, in part, 

with fluctuations in hormones.  

Hormones Overview 

 Hormones travel through the body via the bloodstream and have many functions 

related to body physiology and behaviour (Nelson & Kriegsfeld, 2018). This dissertation 

will focus on cortisol, estradiol, progesterone, and testosterone. These hormones are of 

particular interest due to their associations with sleep and circadian factors, and emotion 

functioning.  

Cortisol 

Cortisol is a glucocorticoid steroid hormone that is produced in the adrenal glands 

(Nelson & Kriegsfeld, 2018; Capenacio, Mu, & Lipton, 2016; Salvador, 2012). The 

hypothalamus releases corticotropin releasing hormone and arginine vasopressin which 

result in a release of adrenocorticotropic hormone from the anterior pituitary gland which 

then acts on the adrenal cortex to stimulate production (Salvador, 2012). Cortisol is often 

released in response to stress but may be associated with recovery after an immediate 

stressor, such that a temporary increase in cortisol can be associated with a reduction in 

fear and anxiolytic properties (reviewed in Putman & Roelofs, 2011). This explanation of 
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a role for stress recovery is also consistent with the delay between stressor onset and 

cortisol peak as opposed to an immediate response (a 20-minute delay) (as reviewed in 

Hermans, Henckens, Joels, & Fernandez, 2014).  

 Steroid hormones can have effects through several mechanisms, including binding 

to hormone receptors and altering gene transcription as a slower mechanism, or have 

more rapid effects via neurotransmitter or glucocorticoid receptors on the surface of the 

cell which alter neuron excitability (Rupprecht, 2003; Strehl et al., 2011). Cortisol acts 

through activation of mineralcorticoid receptors and glucocorticoid receptors (as 

reviewed in Putman & Roelofs, 2011) and can result in greater activity that is sustained in 

limbic areas, such as the amygdala, due to high concentrations of receptors (as reviewed 

in Hermans, 2014). Due to the affinity for mineralcorticoid receptors, cortisol only seems 

to exert effects through glucocorticoid receptors during stress, or during the pulses of 

release (as reviewed in Leliavski, Dumbell, Ott, & Oster, 2015; de Kloet, Joels, & 

Holsboer 2005). Cortisol can also have effects through changes in gene transcription, 

which take longer to become apparent after a stressor and are associated with a return to 

baseline levels of reactivity (as reviewed in Hermans, 2014). 

Testosterone 

Testosterone is a steroid hormone that is the main hormone in the male testes (as 

reviewed in Anderson, Alvarenga, Mazaro-Costa, Hachul, & Tufik, 2011). The 

hypothalamus releases gonadotropin releasing hormone which acts on the anterior 

pituitary to release the gonadotropins which leads to testosterone release from the testes 

(Salvador, 2012). Testosterone can exert effects through acting on androgen receptors, or 

through action on estrogen receptors after aromatization to estradiol (Anderson et al., 
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2011). Functionally, testosterone is important for development of the male sexual organs, 

sperm production and feedback in the HPA axis (as reviewed in Anderson et al., 2011).   

Estradiol and Progesterone 

 The hypothalamus is associated with the release of follicle stimulating hormone 

and luteinizing hormone from the pituitary gland, which dictate the levels of progesterone 

and estradiol production and release from the ovaries (Catenaccio et al. 2016). During 

puberty, there is an increase in release of follicle stimulating hormone and luteinizing 

hormone, which results in an increased concentration of progesterone and estradiol and 

the onset of a menstrual cycle (Gillies and McArthur, 2010). Estradiol is created by the 

conversion of testosterone to estradiol by the enzyme aromatase within the ovaries 

(Nelson & Kriegsfeld, 2018). Estradiol can also be synthesized through aromatization 

within the brain and can have very rapid effects (Balthazart & Ball, 2006).  

The female menstrual cycle is characterized by two phases with different hormone 

profiles. The first is the follicular phase, which begins with the onset of menstruation and 

ends with ovulation; during this time, progesterone remains low, while estradiol begins to 

increase and peaks. The second phase, the luteal phase, begins after ovulation and is 

associated with a second smaller rise in estradiol, and a peak of progesterone (Lord, 

Sekerovic, & Carrier, 2014). Both hormones decrease in the mid-luteal period and their 

decrease triggers the onset of menstruation. The follicular phase generally lasts the first 

fourteen days of a typical twenty-eight-day cycle, and the second fourteen days 

constitutes the luteal phase, although variation in cycle length is usually due to delays in 

ovulation and a longer follicular phase.  
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Both estradiol and progesterone are able to cross the blood-brain barrier and have 

effects in the brain, potentially through metabolites, such as allopregnanolone for 

progesterone (Banks, 2012; Pluchino et al., 2013). Within the limbic system, such as the 

hypothalamus, amygdala and hippocampus, there are an abundance of receptors for 

progesterone and estradiol (Toffoletto, et al., 2014; Simerly, Muramatsu & Swanson, 

1990). Most of the neural effects of progesterone are due to allopregnanolone, but the 

metabolite pregnanolone also plays a role (as reviewed in Andreen et al., 2009). 

Progesterone can exert effects through the binding of its metabolites to GABAA receptors 

to increase activity, but also through acting on progesterone receptors (Brinton et al., 

2008).  Estradiol can act within the brain on Eα and Eβ receptors and can also act on 

membrane estradiol receptors (Micevych, & Dominguez, 2009). Progesterone, 

testosterone and estradiol can also block 5HT3 receptors for serotonin (Rupprecht, 2003). 

Puberty 

 Puberty is triggered by an increase in the release of gonadotropin releasing 

hormone in the hypothalamus (GnRH) which leads to the production of LH and FSH 

(Sisk & Zehr, 2005). This increase occurs partially due to the decrease in the GABAergic 

neuron inhibition of GnRH neurons and greater activation of glutamate receptors (Ojeda 

et al., 2005). An important role for glutamate in puberty onset has been supported by 

studies that show that stimulating NMDA receptors leads to early puberty, and inhibition 

results in puberty delay (as reviewed in Meza-Herrara, 2012; Urbanski, & Ojeda, 1990; 

Bourguignon, Gerard, Alvarez Gonzalez, & Franchimont, 1992).  

Secondary sex characteristics begin to appear as the levels of testosterone and 

estrogen increase in males and females respectively (Demerath et al., 1999; Sisk and 
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Zehr, 2005; Stozicky, Slaby, & Volenikova, 1991). The timing of this onset is related to 

multiple factors, such as resource availability and biological preparedness, like sufficient 

fat stores (reviewed in Sisk & Zehr, 2005). This argument is supported by the large 

increase in leptin concentration and body fat in girls as they experience puberty and 

positive associations with estradiol concentration, but negative associations with 

testosterone in pubertal males (Demerath, 1999).  

The authors Sisk and Zehr (2005) argue that puberty is a sensitive period for the 

impact of hormones on brain organization in multiple sexual and social behaviours. 

During puberty, there is a reduction in gray matter volume with a corresponding increase 

in white matter volume (Peper et al., 2009). In pubertal girls, the amount of gray matter 

has been correlated with estradiol concentration (Peper et al., 2009). As well, early 

puberty is a risk factor for an increase in psychopathology, such as eating disorders or 

depression, either due to alterations in the brain, or social experience (Sisk & Zehr, 

2005). The lasting impact of the pubertal onset of these disorders into adulthood supports 

a role for hormones in the organization of the brain.   

Sleep and Circadian Control of Hormones 

Cortisol  

 Cortisol release has a strong circadian influence. Cortisol concentration increases 

greatly in response to awakening (cortisol awakening response), and after a morning 

peak, it decreases over the course of the day (Leliavski, Dumbell, Ott, & Oster, 2015; 

Clow, Hucklebridge, Stalder, Evans, & Thorn, 2010). The circadian release of cortisol is 

determined by the suprachiasmatic nucleus of the hypothalamus, a well documented area 

associated with circadian timing (as reviewed in Leliavski, et al., 2015). It is also released 
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in pulses throughout the day, in an ultradian rhythm (i.e., a rhythm with a period shorter 

than 24 hours or repeated throughout the day). This ultradian rhythm occurs due to 

periods of cortisol release followed by inhibition of cortisol release where the system may 

be less responsive to stressors (as reviewed in Lightman, 2008).    

The magnitude of the cortisol awakening response (CAR) has been positively 

correlated with stage 2 sleep duration overnight and stage 1 sleep duration during short 

daytime naps, supporting a role for prior sleep duration in morning cortisol release 

(Devine & Wolf, 2016). Similarly, sleep deprivation has been associated with changes in 

HPA axis functioning. In a sample of depressed patients, cortisol increased over a night 

of wakefulness more than the night of sleep and this increase was observed especially in 

patients who reported improvements in depressive symptoms following sleep deprivation 

(Baumgartner, Riemann, & Berger, 1990). Similarly, other sleep deprivation studies 

found higher concentrations of both cortisol (Joo, Yoon, Koo, Kim, & Hong, 2012; 

Schussler et al., 2006; Guyon et al., 2014) and ACTH after sleep deprivation (Schussler, 

et al., 2006; Guyon et al., 2014). In contrast, other 24-hour sleep deprivation studies 

found decreases in cortisol as compared to baseline (Arnal et al., 2016; Klumpers et al., 

2015), although Arnal and colleagues (2016) found no differences between cortisol at 36 

hours of sleep deprivation and baseline.  

Sleep restriction has also been associated with both increases in cortisol 

concentration and decreases. A five-night sleep restriction protocol with four hours of 

nightly sleep found increases in cortisol concentration during the afternoon (Reynolds et 

al., 2012). Similarly, a study in older adults found that poor quality sleep (fragmentation 

and wake after sleep onset) measured by actigraphy was associated with higher cortisol 
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during the afternoon (Morgan, Schumm, McClintock, Waite, & Lauderdale, 2017). As 

well, 3-hour sleep restriction has been associated with lower cortisol levels upon 

awakening and a dampened decrease across the day, which would result in higher 

afternoon concentrations (Omisade, Buxton, & Rusak, 2010). However, a sleep 

restriction study comparing the effect of early compared to late night restriction found 

that sleep restriction overall resulted in decreased cortisol, but especially when the sleep 

restriction was combined with a late bedtime as opposed to an early awakening time (Wu 

et al., 2008). Relatedly, a study examining daily variations in sleep and cortisol found low 

cortisol at awakening to be associated with more self-reported sleepiness (Dahlgren, 

Kecklund, Theorell, & Akerstedt, 2009). And, another sleep restriction study found no 

effect of shortening sleep duration on morning cortisol levels (Volderholzer, et al., 2012). 

In a sleep restriction study, women in the follicular phase experienced a smaller cortisol 

awakening response and higher concentrations of cortisol during the day than when well-

rested, suggesting a role for interactions with menstrual phase in the response of cortisol 

to sleep loss (LeRoux, Wright, Perrot, & Rusak, 2014). 

Overall, the results of the effect of sleep deprivation or restriction have been 

unclear on cortisol concentration, with some studies finding decreases and some 

increases, and the direction of the effect being dependent on the time of day. This range 

of findings may suggest a role for more circadian effects than sleep effects on the release 

of cortisol. A study investigating differential effects between sleep deprivation and 

circadian misalignment found that sleep deprivation increased cortisol concentration, but 

several weeks of circadian misalignment decreased cortisol concentration. Sleep 

deprivation and restriction may be acting on both factors, which may explain some of the 
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conflicting results (Wright, 2015). Similarly, sleep restriction has been associated with a 

smaller circadian decline of cortisol over the day, supporting an alteration in the typical 

circadian profile that may be associated with higher concentrations depending on time of 

measurement (Guyon et al., 2014). This study supports alterations to the circadian profile 

and reduced variability, to explain the heightened cortisol measurements found during the 

afternoon in sleep restriction studies.  

Tendency to be a morning type has been associated with a larger increase in 

cortisol upon waking (i.e., the CAR), but sleep duration was not significantly associated 

with CAR magnitude (Randler & Schaal, 2010). The authors argued that this study 

provided evidence for the more important role of circadian than sleep factors in cortisol 

concentration. In a sample of adolescents, longer sleep duration was associated with a 

greater decrease in cortisol across the day, and therefore greater circadian variability. 

Relatedly, the greater decrease of cortisol over the day was related to longer subsequent 

sleep duration (Zeiders, Doane, & Adam, 2011). Taken together, these studies suggest 

that changes to the circadian profile, potentially from lack of sleep, dampen the circadian 

variability of cortisol, which may have other effects on functioning. During times of 

circadian misalignment, cortisol has been implicated in preserving the circadian rhythms 

in peripheral tissues to minimize the negative downstream impacts and when this system 

gets disturbed, which can lead to development of mood disorders and other health 

problems (as reviewed in Leliavski, et al 2015). 

Testosterone 

 Testosterone also is produced based on a circadian profile with variability that is 

reduced with age (Plymate, Tenover, & Bremner, 1989). Testosterone is highest in the 
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morning, and there is a large decrease across the day; a study by Panizzon and colleagues 

(2013) found decreases of 32-39% within the first 30 minutes of wakefulness. 

Testosterone also has a pulsatile ultradian rhythm which coincides with pulses of 

luteinizing hormone (Wittert, 2014).  

Testosterone release is also highly dependent on sleep and requires 3 hours of 

sleep to preserve typical functioning (as reviewed in Lord, Sekerovic, & Carrier, 2014; 

Wittert, 2014). Offering only brief periods of sleep opportunity resulting in large 

disruptions in sleep is associated with a later onset of testosterone increase (Luboshitksy, 

Zabari, Shen-Orr, Herer, & Lavie, 2001). Additionally, an increase in testosterone over 

the night was only found in individuals who had obtained REM sleep during their sleep 

opportunities, suggesting a role for REM onset in timing of testosterone increase. 

Comparatively, testosterone increases 90 minutes after the first REM period and has a 

slower increase with later REM latency (Luboshitsky, Herer, Levi, Shen-Orr, & Lavie, 

1999). Acoustic suppression of slow wave sleep has also been associated with lower 

testosterone levels (Ukraintseva et al., 2018), and sleep duration measured by 

polysomnography has been correlated with morning testosterone levels in older men 

(Penev, 2007). The results of these studies support an important role for sleep in next day 

testosterone concentration.  

 A night of sleep deprivation has been associated with marked decreases in 

testosterone concentration upon awakening (Gonzales-Santos, Gaja-Rodriguez, Alonso-

Uriarte, Sojo-aranda, & Cortes-Gallegos, 1989; Cortes-Gallegos et al., 1983; Cote, 

McCormick, Geniole, Renn, & MacAulay, 2013; Arnal et al., 2016). Similarly, one week 

of sleep restriction was associated with decreases in testosterone by 10-15%, and the 
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difference between sleep restriction and rest was most pronounced during afternoon and 

evening measurements (Leproult, & van Cauter, 2011). However, there has also been a 

role for timing of sleep restriction in the impact on testosterone concentration. For 

instance, sleep restriction studies focusing on later bedtimes as opposed to early waking 

found no differences in testosterone concentration (Smith, Salazar, RoyChoudhury, St-

Onge, 2019; Reynolds et al., 2012; Schmid, Hallschmid, Jauch-Chara, Lehnert, & 

Schultes, 2012). However, sleep restriction resulting in early wakeup does result in lower 

waking testosterone (Schmid et al., 2012). Additionally, in a sample of adolescents, 

testosterone was not correlated with mean sleep duration, but was correlated with 

preference for morning, such that high testosterone was associated with a greater 

preference for evening (Randler et al., 2012). The authors argued that this result provided 

evidence that circadian factors and sleep timing were more important than sleep duration 

in testosterone concentration. Taken together, these studies suggest that there is a role for 

sleep factors, such as REM onset and REM latency, but also circadian factors, such as 

sleep timing in testosterone concentration. Considering the greater amount of REM sleep 

during early morning hours, a reduction in REM sleep may be a factor in the differential 

effects of timing of sleep loss. 

Estradiol and Progesterone 

 The timing of the human menstrual cycle is also coordinated by the 

suprachiasmatic nucleus in the brain and coordination of clock genes in the ovary (Sellix, 

2015). Timing of ovulation, gonadotropin levels, and production of the ovarian steroids 

fluctuate based on ovarian clock genes (as reviewed in Sellix, 2015).     
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The effects of poor sleep or sleep deprivation on estradiol and progesterone has 

not been well studied, although a couple studies in men did find reductions in estradiol 

after 24 hours of sleep deprivation (Cortes-Gallegos et al., 1983; Gonzalez-Santos et al., 

1989). Instead, the field has focused on the impact of changes in estradiol and 

progesterone in women on sleep quality and architecture (Lord et al., 2014). In 

ovariectomized rats, administration of both estrogen and progesterone has been shown to 

reduce REM and NREM sleep, but administration of estrogen only reduced REM sleep 

(Branchey, Branchey, & Nadler, 1971; Deurveilher, Seary, & Semba, 2013). However, 

progesterone, due to its effects on GABAA receptors has been shown to have sedative 

effects and impact sleep in several studies (Lancel, Faulhaber, Holsboer, & Rupprecht, 

1999). Another rat study found reduced latency to achieving SWS, lower REM sleep and 

reduced wakefulness after progesterone administration (Lancel, Faulhaber, Holsboer, & 

Rupprecht, 1996). Progesterone administration in men has been associated with greater 

amounts of REM sleep, supporting a sedative effect (Friess, Tagaya, Trachsel, Holsboer, 

& Rupprecht, 1997). Additionally, women receiving hormone therapy of both 

progesterone and estradiol had reductions in arousals from sleep (Hachul et al., 2008).  

Despite the sedative effect of progesterone in animal studies, studies in women 

have not found large differences in sleep due to menstrual phase (as reviewed in Baker & 

Driver, 2007; as reviewed in Schechter, & Boivin, 2010). However, studies have found 

worse sleep quality at the end of the luteal phase, just prior to menstruation as well as the 

first days of menstruation (Baker, & Driver, 2004; Romans, et al., 2015; van Reen & 

Kiesner, 2016). Similarly, another study found greater latency to sleep onset and lower 

sleep efficiency during the luteal phase, and this finding was not associated with 
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premenstrual symptoms (Manber & Bootzin, 1997). Additionally, reductions in REM 

sleep have been found in women in the luteal phase when undergoing an ultra-rapid 

sleep-wake cycle study where they experienced repeated hour sleep opportunities 

followed by an hour of enforced wake (Schechter, Varin, & Boivin, 2010).  

Estradiol has been more associated with wake promotion in well-rested animals 

(Deurveilher, Rusak, & Semba (2009), although it may also play a role with progesterone 

in REM sleep rebound after sleep deprivation (Deurveilher, et al., 2009; Deurveilher et 

al., 2013). These effects on REM sleep rebound only seem to exist during times when 

there should be sleep, and otherwise estradiol seems to promote wakefulness (Schwarz, & 

Mong, 2013). This role of timing suggests a circadian influence in the effects of estradiol 

on sleep.  

Hormone Effects on Emotion Processing and Mechanisms 

Cortisol 

 Depression has been associated with alterations in functioning of the HPA axis. 

Patients with depression often exhibit higher levels of cortisol and lower cortisol 

reactivity, which may occur due to dysregulation of signalling within the system (de 

Kloet, et al., 2005). In students reporting depression symptoms, they exhibited a 

dampened cortisol response during a stressor task and greater cortisol during recovery 

reflecting atypical functioning of the HPA axis (Ellenbogen, Schwartzman, Stewart, & 

Walker, 2002). In adolescents, high cortisol reactivity combined with self-reported 

emotion regulation difficulties has been associated with presence of depressive symptoms 

(Poon et al., 2016). The authors argued that this result was due to an inability to 
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effectively deal with the response to a stressor. This association between cortisol and 

onset of depression highlights a role for cortisol in emotional functioning.  

Behavioural Studies 

 Behavioural studies have shown high cortisol levels to be associated with faster 

response times to emotional faces, and a greater likelihood to miscategorise a neutral face 

as one that is emotional (Feeney, Gaffney, & O’Mara, 2012). Cortisol administration has 

been associated with a shift from a bias for memory for fearful faces after placebo to a 

bias for angry faces (Putman, Hermans, & van Honk, 2007). The authors propose that this 

result is due to an adaptive response of cortisol in promoting approach behaviour to deal 

with a threat in the short term. Similarly, a mineralcorticoid receptor agonist 

administration study found a shift towards negative cues as compared to placebo 

(Schultebraucks, et al., 2016). In an ERP study, higher cortisol measured in hair as an 

indicator of chronic stress, was associated with greater Late Positive Potential (LPP) 

amplitude to emotional images (Wirkner, Ventura-Bort, Schwabe, Hamm, & Weymar, 

2019). Taken together, these studies suggest higher cortisol is associated with greater 

emotional reactivity to stimuli, especially those which are negative in valence.  

 After stress induction, cortisol has also been associated with reduced cognitive 

reappraisal abilities, thus additionally supporting a role for high cortisol in difficulties 

with emotion regulation (Tsumura, Sensaki, & Shimada, 2015). Behaviourally, lower 

cortisol has been associated with better emotion regulation in children (Liu, Li, 

Shangguan, & Shi, 2019). Use of suppression as a trait emotion regulation strategy has 

been associated with differences in cortisol, such as a larger CAR, and a reduced 

circadian decline across the day (Otto, Sin, Almeida, & Sloan., 2018). The authors argued 
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that the higher CAR and higher afternoon measurements highlight a link between poor 

emotion regulation strategies and an increased activation of the HPA axis and could play 

a role in development of depression.  

Imaging Evidence 

 One study found that a combination of increased stress (reflected by a greater 

cortisol change) and low trait emotional stability were associated with greater amygdala 

and prefrontal cortex activity while viewing emotional faces (Rampino et al., 2019). The 

authors proposed that this result was due to low stability resulting in lower emotional 

control, and so a combination of increased stress and this trait difference resulted in an 

overactivity. Another study found that cortisol concentration was associated with greater 

activation of emotional processing regions during an emotional face task, including the 

dorsal anterior cingulate, inferior parietal lobula, insula, putamen, and precuneus, but that 

it was associated with decreased brain activity in these regions for those with mood 

disorders, reflecting dysfunction of the HPA axis in this population (Peters et al., 2016). 

High cortisol has been associated with greater functional connectivity between the 

amygdala and the hippocampus and pgACC during an emotional face task (Hakamata et 

al., 2017). As well, the strength of the functional connectivity between the amygdala and 

pgACC was a mediator of the relationship between cortisol and anxiety symptoms, 

suggesting that a loss of regulatory control over the amygdala, combined with higher 

cortisol, could result in emotional disturbance and feelings of anxiety.  

Administration Studies 

 Administration of cortisol may exert different effects than studying naturally 

occurring levels. Putman and Roelofs (2011; Joels, Sarabdjitsingh, & Karst, 2012) argue 
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that due to the greater affinity for mineralcorticoid receptors, most administration studies 

likely exert effects through activation of glucocorticoid receptors as cortisol would be 

present above natural levels. Some studies have shown anxiolytic effects of 

administration of cortisol which may occur due to the inhibition of activity via 

glucocorticoid receptor activation. For instance, a study by van Marle, Hermans, Qin, 

Overeem, and Fernandez (2013) administered a synthesized cortisol, hydrocortisone, 

during the sleep period following encoding for an emotional memory task. They found 

that although the hydrocortisone benefitted memory for emotional items, there was a 

reduction in amygdala activation to emotional stimuli at recall. The authors interpreted 

this result as evidence for a decrease in emotional strength of these memories. Similarly, 

a hydrocortisone administration study in ICU patients showing low levels of natural 

cortisol found that administration was associated with lower levels of PTSD (Schelling et 

al., 2006).  However, other studies have shown increased reactivity following 

administration. Administration of prednisolone (a synthetic glucocorticoid) resulted in 

increased reactivity in limbic regions during an emotional image task, including the 

inferior frontal gyrus, premotor cortex, caudate and amygdala (Buades-Rotger, Serfling, 

Harbeck, Brabant, & Kramer, 2016). Additionally, some studies have reported negative 

side effects on mood with medications and artificial glucocorticoids supporting their role 

in emotion functioning (Fietta, Fietta, & Delsante, 2009). A corticosterone administration 

study in rodents showed that a dosage within physiological limits resulted in increased 

growth of dendrites in neurons of the basolateral amygdala and a coinciding increase in 

anxiety behaviours (Mitra & Sapolsky, 2008). This study suggests that one possible 
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mechanism for the increase in reactivity with greater cortisol concentration could be 

increased dendritic growth in the amygdala. 

Testosterone 

Behavioural, Imaging, and Cellular Evidence 

 Behaviourally, lower levels of testosterone in male children have been associated 

with better accuracy to Emotional Stroop tasks (Liu et al., 2019). When considering the 

results of imaging studies, generally, studies report higher levels of testosterone or 

testosterone administration being associated with greater amygdala activity (Van Wingen, 

Ossewaarde, Backstrom, Hermans, & Fernandez, 2011; Hermans, Ramsey, & van Honk, 

2007). For instance, Derntl et al., (2009) found that higher testosterone was correlated 

with greater amygdala activation to male angry faces and fearful faces of both sexes, 

supporting a role for testosterone in the processing of threat specifically. Testosterone 

was also correlated with faster reaction times to categorizing fearful faces. An 

administration study in women suggested a role for increased amygdala activation after 

testosterone in social approach and threat processing (Radke et al., 2015). In their study, 

they found increased amygdala activation in the testosterone group when they had to 

approach an angry face compared to a happy face. These results support testosterone as a 

factor in motivation to approach threats potentially to maintain dominance and suggest 

that increased amygdala activation may be partially how this motivation shift occurs. In 

contrast, another study focusing on the role of testosterone in approach or avoidance, 

found that men with low levels of testosterone had greater activity in the VLPFC when 

they had to approach a stimulus such as an angry face (Volman, Toni, Verhagen, & 

Roelofs, 2011). This larger activity in a regulatory region could suggest a need for a 
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greater override of amygdala activity when testosterone is low and there is a need to 

approach threat. However, there has been a study that contradicts the finding of increased 

amygdala activation. Stanton, Wirth, Waugh, and Schultheiss (2009) found that higher 

testosterone was associated with lower amygdala activation when viewing angry faces as 

well as greater vmPFC activation. The authors interpreted this as men with high 

testosterone feeling less threatened by an angry face due to higher levels of testosterone 

promoting dominance. 

 An administration study in women found a reduction in functional connectivity 

between the amygdala and the orbitofrontal cortex as compared to placebo and enhanced 

connectivity to the thalamus (van Wingen, Mattern, Verkes, Buitelaar, & Fernandez, 

2010). Due to the rapid time course of effects (within 40 minutes from administration), 

the authors proposed that the result may be due to effects of the metabolite 3α 

androstanediol or androsterone and its impact on the GABAA receptor, although these 

metabolites have been reported to produce anxiolytic effects in rats (Aikey Nyby, 

Anmuth, & James, 2002; Reddy & Jian, 2010). In rats, testosterone has also been 

reported to increase activity of dopamine and serotonin receptors, which the authors 

propose could also be a mechanism for changes in amygdala functioning (de Souza Silva, 

Mattern, Topic, Buddenberg, & Huston, 2009; Van Wingen et al., 2010).  

Progesterone and Estradiol 

 A body of research has investigated the role of progesterone in emotional 

functioning, and progesterone-related alterations in neural circuitry that could impact the 

processing of emotional information. In terms of subjective complaints, many women 

struggle with more emotional challenges during the end of the luteal phase, such as 
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irritability, negative affect and mood disturbance (Biggs and Demuth, 2011); 

progesterone concentration has been previously correlated with complaints of negative 

mood (Kurshan & Neil Epperson, 2006). As well, sex differences in the prevalence of 

mood disorders, such as depression, begin in puberty and last until after menopause, 

which is suggestive of a hormonal influence (Steiner, Dunn, & Born, 2003). 

Behavioural Studies 

As well as an increase in emotional complaints, the processing of emotional 

information changes across the menstrual cycle. Studies by Derntl and colleagues 

(2008,2013) found better recognition of emotional faces during the follicular phase than 

during the luteal phase, and progesterone concentration was negatively associated with 

accuracy. Women in the luteal phase were more likely to mistake negative emotional 

expressions as angry or disgusted, and this tendency to label emotions as angry was also 

correlated with progesterone concentration. The authors argue that this is associated with 

a shift in perspective during the luteal phase to focus more on avoidance for negative 

emotions, in case there is a threat to a potential pregnancy. While during the follicular 

phase, there may be a benefit to increased social awareness and attention due to a 

potential need to find a mate. Essentially, there is a shift from accuracy of detecting facial 

expressions to improve social interaction to a bias towards reducing the threshold for 

threat just in case there is a risk of danger or illness. This interpretation was supported by 

a study by Conway and colleagues (2007) that found that women with high progesterone 

were more likely to rate a disgusted or fearful face as more intense when the gaze was 

averted than when their progesterone was low, but this was not the case for happy faces. 

Similarly, Pearson and Lewis (2005) found that women just before ovulation (when 
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estradiol levels are high) were more accurate at identifying fearful faces than women 

during menstruation (when levels of all hormones are low). A study by MacRae, 

Alnwick, Milne, and Schloerscheidt (2002) found faster reaction times for categorizing 

male faces by gender around ovulation, also supporting the idea that stimuli relevant to 

mate selection may be more heightened during this time. 

Estradiol concentration and hormone therapy have been associated with a 

preservation of hippocampal activation during emotional tasks compared to controls not 

taking estrogen, appearing to have a beneficial effect on emotion function (Shafir et al., 

2012). However, a combination of progestin and estradiol treatments has been associated 

with the typical age-related decline in limbic areas, suggesting that progestin reduced the 

protective impact of estradiol. Similarly, women treated with estrogen hormone therapy 

as well as progesterone had an increase in negative mood when progesterone was 

administered compared to estrogen treatment only or placebo, but this was only the case 

for a moderate level of progesterone, and not a high level of progesterone (Andreen, 

Bixo, Nyberg, Sundstrom-Poromaa, & Backstrom, 2003). This result has also been 

supported in another study focusing on the effect of moderate (similar to what is seen 

during the luteal phase of the menstrual cycle) and high levels of progesterone on mood, 

which also only found negative mood with moderate levels (Andreen et al., 2005; 

Andreen, Sundstrom-Poromaa, Bixo, Nyberg, & Backstrom, 2006). 

Neuroimaging Evidence 

 Across the menstrual cycle, there has been evidence for structural changes in the 

limbic system, such as the hippocampus and fusiform gyrus, that are likely due to 

changes in dendritic branching associated with hormone concentration, where the volume 
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of grey matter in these areas is decreased during the luteal phase (Catenaccio et al., 2016; 

Pletzer et al.,2010). The left amygdala has been found to be larger during the luteal phase 

and amygdala volume has been correlated with increased reactivity to negative stimuli 

(Ossewaarde et al., 2011). Similarly, another study found a greater negative mood 

response to stress in the luteal phase, and higher amygdala activity when viewing neutral 

emotional faces in the luteal phase (Ossewarde et al., 2010). Another study found a 

greater difference between amygdala and hippocampus response to neutral and negative 

images during the mid-luteal phase than the early follicular phase (Andreano & 

Cahill,2010). Due to the significant difference between the phases in progesterone but not 

estradiol concentrations, the authors suggested that this reactivity response was likely due 

to progesterone. A study that administered progesterone to women in the follicular phase 

found an increase in amygdala activation to emotional faces (Van Wingen, 2008). 

Overall, greater amygdala activity has been found during the luteal phase than during the 

follicular phase during emotional tasks (Van Wingen, 2011). 

 A study by Goldstein (2005) found that during the mid follicular phase, when 

estradiol was high but progesterone was low, there was the expected association between 

high levels of arousal (measured with electrodermal activity), and high levels of activity 

in the amygdala and other arousal-associated areas such as the OFC and anterior 

cingulate, but that this relationship was reversed when estradiol was low in the early 

follicular phase. The authors argued that this could be a role for estradiol in preserving 

cortical control of the amygdala and arousal, but that this is decreased when estradiol is at 

low levels. Based on the results of this study, it is likely that the differences in follicular 

and luteal behavioural responses are driven both by the role of estradiol in sustaining 
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cognitive control when progesterone is low, and then progesterone pushing the system 

towards increased reactivity when high, which may amplify the differences between the 

phases.  

Cellular Evidence 

 Some animal studies have supported a role for progesterone and estradiol in 

binding to receptors in serotonin neurons and due to the association of serotonin and 

mood, could be a mechanism for the hormones’ role in emotion processing (as reviewed 

in Tofoletto, et al. 2014; reviewed in Bethea, Pecins-Thompson, Schutzer, Gundlah, & 

Lu, 1999). As well, the amygdala contains a high amount of estradiol receptors as well as 

input from serotonin neurons (as reviewed in Bethea et al., 1999). This result was 

corroborated in humans by a PET study that revealed that administration of estradiol plus 

progesterone in post-menopausal women increased serotonin binding at 5TH
2A receptors 

although they did not find changes in behaviour (Moses et al., 2000). 

Despite the results shown in imaging and behavioural literature of increased 

reactivity and negative mood associated with progesterone and its metabolites, other 

research has shown opposing effects of progesterone. Allopregnanolone, a metabolite of 

progesterone that acts on GABA-A receptors has been shown to have sedative effects; in 

fact, the sedating effects of high levels of progesterone have been well documented, with 

anxiolytic effects also documented in animal models (Sripada et al., 2013; Rupprecht, 

2003; Majewska, 1986; Andreen et al., 2009; Bitran, Shiekh, & McLeod, 1995). For 

instance, male participants were given oral pregnenolone and their levels of 

allopregnanolone were found to be associated with lower amygdala activation during an 

implicit emotional task where they are asked to make non emotional judgements about 
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emotional faces. Levels of allopregnanolone were also associated with an increase in 

dmPFC activation suggesting greater regulatory control and allopregnanolone was also 

associated with greater functional connectivity between the amygdala and dmPFC 

(Sripada et al., 2013). Due to this paradoxical effect of increased amygdala reactivity 

with high natural levels but also sedative qualities with administration, it has been 

proposed that the increased reactivity occurs through the activation of GABA-A receptors 

and thereby inhibition of inhibitory interneurons, thus releasing the amygdala from 

inhibition (Andreen et al., 2009). Relatedly, drugs that have been used for their sedative 

effects, such as benzodiazepines, also can be associated with side effects of negative 

mood and aggression, supporting seemingly paradoxical effects (as reviewed in Andreen 

et al., 2009). As supported by the studies by Andreen et al. (2003; 2005), who found a 

role for progesterone in mood at moderate levels of progesterone but not high levels, a 

biphasic model of allopregnanalone on behaviour and mood has been proposed. Low and 

more natural doses are associated with negative mood and an increased reactivity, while 

high doses and suprahuman administrations can be associated with sedative effects 

(Andreen et al., 2009). Although the exact mechanism remains elusive for this 

occurrence, there has been evidence regarding changes in the expression of a subunit of 

the GABA-A receptor, α4 subunit (Andreen et al., 2009; Smith, Shen, Gong, & Zhou, 

2007). There is evidence in animal studies that prolonged exposure to allopregnanolone 

or progesterone can increase the expression of these subunits, which leads to less sedative 

responses, although withdrawal from these hormones can lead to increased neuronal 

reactivity and could be a mechanism for the paradoxical effects at different levels (as 

reviewed in Smith et al., 2007). 
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Puberty 

Behavioural and Imaging  

Progression through puberty has been associated with increased ability of 

recognizing certain emotional face expressions, such as disgust and anger (Lawrence, 

Campbell, & Skuse, 2015). A study by Klapwijk  and colleagues (2013) investigated the 

role of puberty in activation of a network of brain regions: the dorsomedial prefrontal 

cortex, temporal parietal junction, posterior superior temporal sulcus, and the anterior 

temporal cortex, as this network is typically associated with social emotions requiring the 

perspective taking of another person, such as guilt and embarrassment. They found that 

estradiol concentration and more advanced pubertal stage was associated with greater 

functional connectivity for the dorsal medial prefrontal cortex (DMPFC) and 

temporoparietal junction and DMPFC and anterior temporal cortex respectively, during 

the social emotions compared to the basic emotions of fear and disgust. The authors 

suggested that this could be due to the role of puberty in changes in synapses that occurs 

during development. Similarly, another study focusing on the social emotions found that 

levels of testosterone, estradiol and DHEA in pubertal girls were correlated with 

activation in the anterior temporal cortex for social emotions (Goddings, Heyes, Bird, 

Viner, & Blakemore, 2012). Amygdala activation to emotional faces was found to be 

moderated by pubertal development score at age 13, but not at age 10 before puberty 

onset; this result was also replicated in other emotion processing areas, such as the 

temporal pole and ventrolateral PFC (Moore et al., 2012). The authors suggested that this 

change may be responsible for the increased salience of social stimuli of peers in 

adolescence. Similarly, increases in testosterone over a two year period of pubertal 
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development have been associated with a decrease in the connectivity between the 

amygdala and orbitofrontal cortex when shown threatening images which may explain 

increases in reactivity to threat after puberty due to reductions in regulatory control 

(Spielberg et al., 2015). 

Cellular Evidence 

 Despite the documented effects of reduced anxiety with allopregnanolone 

administration in adult animal studies, a study by Shen and colleagues (2007) found that 

allopregnanolone has a different effect during puberty in rats, where it causes anxiety. 

This effect occurs likely due to increased excitability after inhibition of α4βΣ GABAA 

receptors that are present in greater concentrations during puberty. The authors suggest 

that the change in neural consequences of allopregnanolone may be a mechanism for the 

development of anxiety during puberty. 

Summary of the Role of Hormones on Emotion Functioning 

 As reviewed herein, steroid hormone concentration has been associated with 

various effects on the processing of emotional stimuli. Cortisol has largely been 

associated with increased reactivity towards emotional stimuli, and emotional 

dysfunction such as mood disorders (de Kloet et al., 2005; Ellenbogen et al., 2002). 

Progesterone has similarly been associated with a shift in bias towards processing 

threatening stimuli at naturally high levels, potentially due to the advantage of avoiding 

potential threats during a time where there could be a pregnancy (Derntl et al., 2008; 

2013, Conway et al., 2007). Estradiol, which is high during the follicular phase, has been 

associated with a different role, that supports cognitive control and may contribute to 

differences seen between the menstrual phases (Goldstein et al., 2005). Finally, 
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testosterone also has been associated with greater amygdala reactivity, especially towards 

faces that are threatening in nature, although may arise due to the role of testosterone in 

dominance rather than a bias towards self-protection (Van Wingen, et al., 2011; Hermans 

et al., 2007; Derntl et al., 2009; Radke et al., 2015). Alongside the role for threat 

detection in adulthood, puberty (a time of increases in sex hormones) has been associated 

with better recognition of these threatening emotions (Lawrence et al., 2015), but also 

greater processing of social emotions (Klapwijk et al., 2013; Goddings et al., 2012. 

Overall, these hormones act through different mechanisms, but largely seem to overlap in 

terms of their effect on behaviour and emotion processing or regulation and higher 

concentrations are associated with greater reactivity. 

The Interaction of Sleep and Hormones on Emotion Processing 

 The central aim of this dissertation is to investigate the interaction of sleep and 

hormones on emotion functioning. Sleep and hormones have behaviourally comparable 

effects on emotion processing although through different mechanisms. Sleep loss and 

higher concentrations of progesterone, as seen in the luteal phase, or higher 

concentrations of cortisol or testosterone, are associated with increased activity in the 

amygdala. This increase likely accounts for higher reactivity to stimuli signifying a 

potential threat, due to the role of the amygdala in automatic threat detection (for review 

see Ohman, 2005). Based on how each of these factors independently impacts emotion 

processing, it is plausible that together, they would interact to affect emotion behaviour 

and be associated with greater emotion deficits. Previous hormone studies have found 

interactions of hormones with other factors that produce greater changes in emotion 

functioning, such as cortisol combined with trait emotional stability for example 
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(Rampino et al., 2019). Additionally, a previous study has identified menstrual phase as a 

predictor of vulnerability to sleep loss, although in their study, women in the follicular 

phase were more susceptible to lapses on measures of attention when tested during the 

night (Vidafar et al., 2018). The authors proposed that this result could arise from a 

greater wake drive in luteal women, which would also explain the greater proportion of 

sleep complaints during this phase. A previous study from our lab showed that in sleep-

restricted women in the luteal phase, higher concentrations of progesterone were 

associated with greater accuracy to negative images, and a greater attention towards 

negative compared to neutral images as reflected in a larger Late Positive Potential 

(Lustig et al., 2018). More progesterone in sleep-restricted luteal women was also 

associated with greater N170 amplitude, which provides evidence for an increased neural 

reactivity in this group. These studies suggest that the impact of hormones and sleep loss 

could interact to affect behaviour, and that the combination of poor or short sleep and 

high concentrations of progesterone, testosterone or cortisol could serve to amplify the 

effects of sleep loss on emotion functioning.  

Additionally, research supports a role for sleep and circadian factors on hormone 

concentration, and vice versa. Several sleep deprivation or restriction studies have found 

higher levels of cortisol due to alterations in the circadian profile of cortisol after poor 

sleep, and thus, high levels of cortisol in the afternoon may also be a marker of being 

impacted by poor sleep (Guyon, et al., 2014; Reynolds, et al., 2012; Morgan et al., 2017; 

LeRoux et al., 2014; Zeiders et al., 2011). As such, it may be expected that those with 

high cortisol may show more effects of sleep loss, and thus a larger negative bias since 

they may be experiencing a greater physiological effect of poor sleep. Additionally, 
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several studies have reported worse subjective sleep quality in the luteal phase, and so 

there may be more associations between poor sleep, progesterone, and performance 

during this menstrual phase (Baker, & Driver, 2004; Romans et al., 2015; van Reen & 

Kiesner, 2016; Manber, & Bootzin, 1997; Schechter et al., 2010). In summary, a general 

prediction of this dissertation is to investigate the presence of an increased vulnerability 

to the impact of sleep loss on emotion functioning under conditions of high stress or sex 

hormone concentration.  

Dissertation Framework 

 This dissertation focused on three independent research studies that allowed for 

examination of the question of the role of hormones in the relationship between sleep and 

emotion functioning. All three studies focused on this relationship under conditions of 

natural, unmanipulated sleep. This focus allows for more ecological validity, and also a 

better understanding of the consequences arising due to differences between natural 

variability in sleep quality and duration occurring in these populations. These studies 

additionally approached the concept of emotion functioning from different perspectives 

and at different stages, from emotion perception (which may be reflective of “attentional 

deployment”), emotion generation, and emotion regulation (Gross, 2001).  The first two 

studies investigated self-reported emotional reactivity, which is a measure of emotional 

intensity and reactivity of generated emotions; these studies also investigated the role of 

self-reported emotion regulation abilities. The final study investigated emotion perception 

(i.e. the detection and categorization of emotional stimuli). Consideration of different 

aspects of the wide construct of emotion functioning allows a broader understanding of 
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the role of sleep and has implications for questions on mental health and development of 

psychopathology (Mennin, Holaway, Fresco, Moore, & Heimberg, 2007). 

 Study one addressed the longitudinal nature of the relationship between sleep and 

emotion reactivity and regulation, instead of addressing single night periods of sleep 

manipulation on next day functioning. This study allowed for investigation into the effect 

of sleep patterns over a three-year period on emotion functioning and the effect of 

changes in those sleep patterns across years. As participants provided a saliva sample, it 

also allowed for investigation into the central aim of this dissertation, hormones, in this 

large sample.  

 Study two was sampled from children and adolescents and provided a novel 

opportunity to investigate the central question in a group of individuals going through the 

large hormonal fluctuation of puberty. This study provided an ecologically valid time 

period to be able to study the impact on the relationship between sleep and emotion 

reactivity and regulation under conditions of a natural hormonal change.  

 Finally, study three was sampled from a more controlled in-laboratory study. 

Here, a focus was investigating the role of hormone concentration and menstrual phase in 

the processing of emotional stimuli. Of interest in this study was to investigate whether 

under some conditions, such as in the detection of threatening stimuli, having the bias 

from hormone status and sleep history together could produce what appears to be a 

paradoxical behavioural benefit. In other words, when asked to detect threat, are 

individuals with poor sleep and high hormone concentration better suited to preserve 

safety and performance due to a shifted bias in threat threshold? However, this shift in 
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bias and overreaction to threat may result in other deficits and inaccuracies (e.g., 

overreaction to emotional events or reduced processing of other emotional stimuli).  
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Abstract 

The central aim of this study was to investigate the association between sleep quality and 

emotion reactivity and regulation, and the role for hormones in the association. 

University students (n=435) provided self-report data on sleep duration and satisfaction, 

and emotion across three years of university and a saliva sample in the third year. Latent-

class analysis revealed two classes of sleepers (Good and Poor) in each year. In all three 

years, Poor Sleepers reported greater difficulties regulating emotions and higher 

emotional reactivity than Good Sleepers. As well, cortisol was higher in the Poor 

Sleepers than the Good Sleepers. To investigate the relationship between sleep quality 

and emotion over time, five groups emerged based on patterns of sleep across the three 

years: Consistently Good, Mostly Good, Unstable, Mostly Poor, and Consistently Poor. 

The Consistently Poor Sleep group had more emotion regulation difficulties and greater 

emotion reactivity than the Consistently Good and Mostly Good Sleepers. Cortisol was a 

moderator in the relationship between sleep quality and emotion regulation in 

Consistently Good and Consistently Poor sleepers, at both high and low concentrations. 

Specifically, individuals with poor sleep and high cortisol were those with the most 

difficulties with emotion regulation. Overall, poorer sleep was associated with greater 

emotion reactivity and poorer emotion regulation in a cumulative fashion over years, and 

there was a role for high cortisol in predicting which individuals with poor sleep would 

have the most difficulty with regulation.  

Keywords: sleep quality, sleep satisfaction, cortisol, cortisol/DHEA ratio, emotion 

regulation, emotion reactivity 
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Introduction 

Research has shown increased behavioral and neural reactivity to emotional 

stimuli after experimental sleep deprivation (Baum et al., 2014; Berger, Miller, Seifer, 

Cares, & LeBourgeois, 2012; Cote, Jancsar, & Hunt, 2015; Cote, Mondloch, Sergeeva, 

Taylor & Semplonius, 2014; Cote, Lustig, & MacDonald, 2019; Gujar, Yoo, Hu, & 

Walker, 2011; Lustig et al., 2018; Motomura et al., 2013; Yoo, Gujar, Hu, Jolesz, & 

Walker, 2007). There is also evidence for difficulty regulating emotions in naturalistic 

populations following poor quality sleep (Klump et al., 2017; Mauss, Troy, & 

LeBourgeois, 2013, Minkel, Htaik, Banks, & Dinges, 2011; Pickett, Barbaro, & Mello, 

2016). Investigation of the role for individual differences in this relationship is important 

as an individual’s response to insufficient sleep on neurobehavioral tasks has been shown 

to be replicable across multiple events of sleep deprivation (Van Dongen, Baynard, 

Maislin, & Dinges, 2004). Recent work from our lab has shown that hormones play a role 

in the relationship between sleep loss and processing emotional information (Lustig et al., 

2018). In sleep-restricted women in the luteal menstrual phase, high progesterone was 

associated with greater neural reactivity to emotional faces, and enhanced attention 

towards negative pictures as seen in larger event-related brain potentials to stimuli. In 

men, lower testosterone was associated with lower accuracy in categorizing emotional 

faces and images. In well-rested women, progesterone has itself been associated with 

increased amygdala reactivity and sensitivity to threat (Derntl et al., 2008; Van Wingen, 

Ossewaarde, Backstrom, Hermans, & Fernandez, 2011). It is thus possible that bias in 

response to emotional stimuli may be due to the combined influences of sleep loss and 
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hormone status. These data indicate that hormones may explain some of the individual 

differences in vulnerability to sleep loss.  

Stress hormones are of interest to investigate individual differences in response to 

insufficient sleep. Cortisol and DHEA-S are indicators of response to stress and 

activation of the HPA axis (Kamin, & Kertes, 2017), and alpha-amylase is an indicator of 

activation of the autonomic nervous system (Strahler, Skoluda, Kappert, & Nater, 2017). 

The typical circadian profile of cortisol has been shown to be impacted by poor sleep, but 

associations with subsequent behaviour have not been investigated extensively (Guyon et 

al., 2014). The ratio of cortisol to DHEA-S may also be of interest to investigate 

vulnerability to poor sleep due to its relationship with psychopathology. DHEA-S 

concentrations may be protective against high concentrations of cortisol. However, the 

ratio can be shifted towards cortisol after long term stress which can have negative 

outcomes on psychopathology (Kamin, & Kertes, 2017).  

Considering our interest in individual differences in sleep satisfaction and sleep 

duration, we used Latent Class Analysis (LCA) because of its strength as a person-

centered rather than variable-centered analysis (Bergman, & Magnusson, 1997). With this 

analysis, we aimed to identify various patterns of sleepers within the university 

population to understand which patterns of sleep are associated with worse emotion 

outcomes. For our first research question, we investigated whether Poor Sleepers would 

have greater emotion reactivity and report greater difficulties with emotion regulation 

than Good Sleepers over each of three years of university. For our second research 

question, we investigated whether increasing years of poor sleep would be associated 

with worse emotion outcomes. For our third research question, we predicted differences 
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in stress and sex hormones between Good and Poor sleepers, and between Consistently 

Good and Consistently Poor Sleepers over time. Finally, for our main aim, we 

investigated the moderating role of hormones in the relationship between sleep and 

emotion to identify if hormone levels predicted which individuals would be most 

susceptible to the consequences of insufficient sleep on emotion reactivity and regulation. 

Methods 

Participants 

The sample was drawn from a larger longitudinal sample of 1132 undergraduates 

(70.5% female) who were enrolled at a university in Ontario, Canada. Participants were 

surveyed annually for 7 years. At Time 1, all participants were in their first year of 

university (Mage=19.06, SD=1.05). This report focuses on a subgroup of the original 

sample who provided a saliva sample for hormone quantification in Year3 of the study 

(N=435, women=317). As the hormone samples were provided only in Year3 and we 

were interested in their associations with sleep quality, only the first three years of survey 

data were assessed.  

The sample was predominantly women (73%), of which more than half reported 

taking birth control at Year3. In first year, most students (76%) reported living in 

residence, while most students in their second and third year lived off campus with 

roommates (70.2% and 80.1%). With respect to life-style descriptors, on average, 

participants reported drinking between 1-4 times per month, and they reported consuming 

on average between 2-6 drinks during a drinking episode across the three years. 

Participants completed the Center for Epidemiologic Studies Depression Scale (Radloff, 

1977) and scored between 2.07 and 2.14 across the three assessment years. This value 
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corresponds to participants reporting experience of depressive symptoms rarely (1-2 

days) or some of the time (3-5 days) out of the last 14 days.  

Procedure 

Ethics clearance for this study was obtained from the local university. First-year 

students from a wide variety of academic disciplines were recruited via posters, websites, 

and visits to classrooms and residences. Participants were surveyed on sleep quality and 

emotion variables. Monetary compensation or course credit was given for participation in 

Year1, with more money given for participation in subsequent years. Only students who 

participated in the first assessment were invited to do so again. During the first two years 

of data collection, surveys were administered in person but were completed online in the 

third year of assessment. Timing of survey administration was matched within a 

participant across assessment years. If participants collected their money in person, they 

were asked to provide a saliva sample that was then used for hormone quantification, and 

thus sample timing was restricted to a 11am and 4:15pm window. 

Measures 

Demographic information, such as age and sex were collected during the first year.  

Sleep quality. Participants were asked several questions relating to sleep duration and 

sleep satisfaction. Two of these questions were taken from the Insomnia Severity Index 

(Morin, 1993), including satisfaction with sleep patterns (rated on a 5-point scale from 

“very satisfied” to “very dissatisfied”) and whether sleep patterns interfere with daytime 

functioning (rated on a 3-point scale from “rarely interferes” to “often interferes”). These 

questions were selected based on their relevance for understanding individual sleep 

patterns. Participants were also asked to report the typical time they fall asleep and wake 
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up both on weekdays and on weekends, which were used to calculate self-reported sleep 

duration during the week and on weekends. Participants reported on a 3-point scale 

(“never”, “sometimes”, “often”) the frequency they lose sleep due to each of the 

following reasons: hanging out with friends/roommates, finishing assignments or 

studying, fights/arguments, working, excitement, and worry. They also reported nap 

frequency on a 5-point scale from “never” to “almost every day”. Cronbach’s alpha for 

these questions ranged from .364 to .409 across the three assessment years. Although this 

alpha is low, each individual item was not expected to be associated with the others. Each 

item was included in the Latent Class Analysis to get a profile of different components of 

individual sleep habits.  

Emotion. Emotion regulation was assessed at each time point with six items from the 

Difficulties in Emotion Regulation Scale (DERS; Gratz, & Roemer, 2004). The responses 

were given on a 5-point Likert scale ranging from “almost never” to “almost always”. 

Cronbach’s alpha for this scale ranged from .726 to .758 across the three assessment 

years. Participants also completed 13 items from the Emotional Reactivity Scale (ERS), 

with responses on a 5-point Likert scale ranging from “not at all like me” to “completely 

like me” (Nock, Wedig, Holmberg, & Hooley, 2008). Cronbach’s alpha ranged from .931 

to .936 across the three assessment years. For both measures, the mean score for each of 

the three years were used for analysis with a higher score reflecting greater difficulties 

with emotion regulation and greater emotional reactivity. 

Hormone Analysis 

Testosterone, estradiol, cortisol, alpha amylase, and DHEA-S were measured in 

each saliva sample. Before coming to the lab, participants were told to not eat, drink, 
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smoke, brush teeth, or chew gum for the one hour prior to arrival. Saliva was collected in 

a 3mL polystyrene tube using a passive drool procedure. Samples were then stored at -20 

degrees Celsius until analysis. Samples were centrifuged for 15 minutes, and the 

supernatant was assayed in duplicate for hormone quantification using enzyme 

immunoassay kits (Salimetrics). Absorbance of the sample was measured using a Biotek 

Synergy plate reader at 450 nm. The intra-assay coefficients were 17.35, 13.30, 8.02, and 

9.02 for testosterone, estradiol, cortisol, and DHEA-S respectively.  

Participants also completed a brief questionnaire with their saliva sample. Sample 

start time ranged from 11am to 4:15pm with a mean and median of approximately 1pm 

sampling onset time. The Good and Poor Sleepers did not differ on sampling time 

(t(402)= .019, p=.985), confirming no systemic group differences in sampling time. 

While data collection was not controlled for phase of the menstrual cycle, most Good 

Sleepers (n=137) and Poor Sleepers (n=128) reported typically regular menstrual cycles, 

with a small group (21 Good Sleepers and 22 Poor Sleepers) reporting irregular cycles. 

As well, Good (M=12.41, SD=12. 64) and Poor sleepers (M=10.86, SD=9.37) did not 

differ (t(304)=1.210, p=.227) on number of days since the end of their last period, 

confirming no systemic group difference in phase. For the day of the saliva sampling, 

participants reported their wakeup time, and this ranged between 5am and 1:45 pm. 

However, the Good (M=8.20, SD=1.58) and Poor Sleepers (M=8.25, SD=1.66) did not 

differ in their wakeup time (t(427)=-.351, p=.726). Additionally, Good (M= 5.08 hours, 

SD= 1.83) and Poor sleepers (M= 4.96 hours, SD= 1.65) did not differ in their interval 

between wake time and saliva sampling time (t(400)= .704, p =.482). Overall, 80% of 

participants reported not eating, drinking, smoking, brushing their teeth, or chewing gum 
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within 30 minutes before the sample and 90% not in the 15 minutes prior to the sample, 

and there were no differences found between groups in this compliance (t(429)=1.270, 

p=.205; t(429)=.198, p=.843).  

Data Analysis  

Latent class analysis (LCA) was conducted using Mplus, Version 8.0 (Muthen & 

Muthen) to explore subgroup heterogeneity among individuals. Latent class indicators 

included sleep variables (sleep duration during the week, sleep duration during the 

weekend, extent of interference to daily life from sleep patterns, napping frequency, sleep 

pattern satisfaction, and the frequency of sleep that is lost due to work, worry, hanging 

out with friends, assignments, fights with friends/family, and excitement) using sex as a 

covariate. The latent class extraction was conducted separately in each of the three years 

of assessment. For criteria to determine the number of groups best represented by the data 

and the approach to handling missing data, see Supplementary Information. To address 

our first research question on the differences between Good and Poor sleepers in each of 

the three years, one-way ANOVAs were conducted to compare groups differences in 

sleep quality (Good and Poor Sleepers) across indicators and on emotion variables.  

 To address the second research question and to identify the effects of consistency 

in sleep quality over the first three years of university, participants were coded into five 

groups based on differences in patterns of class membership across the three years. A 2 

(Sex) by 5 (Transition Group- Consistently Good, Mostly Good, Unstable, Mostly Poor, 

Consistently Poor) by 3 (Year) mixed-model ANOVA was conducted to compare groups 

on emotion variables. For the third research question, ANOVAs were conducted 

comparing Good and Poor sleepers in year 3 on each of the hormone concentrations. We 
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also conducted one-way ANOVAs on Transition Group (5) to determine if there were 

group differences by sleep pattern for the hormone concentration for testosterone in men, 

estradiol in women, and cortisol, alpha amylase, DHEA-S and the Cortisol/DHEA-S ratio 

in both sexes. Outliers were removed if their concentration was greater than 3SD from the 

mean for their group. After outlier removal, the Cortisol/DHEA-S ratio was then log 

transformed due to violations to normality. Cortisol was square root transformed. For our 

final research question, we ran correlations in the sleep groups between hormone 

concentration and emotional functioning. We followed up with a moderation analysis, 

where cortisol was investigated as a moderator in the relationship between sleep group 

and difficulties with emotion regulation.  

Results 

Is poor sleep associated with increased emotional reactivity and difficulties with 

emotion regulation? 

LCA was conducted for one to three classes in each of the three years of 

assessment. The best-fitting model was for two classes each year (see Supplemental 

Information). The 2-class model had an entropy greater than 0.7 and a significant LMR-

LRT and BLRT. For all three years, the three-class solution did not have a significant 

LMR-LRT value, supporting that the 2-class model provided a better fit. As well, in 

Year1, the third class contained less than 5% of the sample.  

 To check that the two groups had distinct scores on the sleep indicators, one-way 

ANOVAs were conducted. These results support two distinct groups within the sample 

that differ on self-reported sleep quality, with Class1, “Good Sleepers” getting more 



CHAPTER 2: LUSTIG 
 

70 
 

sleep, and reporting more satisfaction and lack of dysfunction than Class2, “Poor 

Sleepers” (see Table 1). 

Poor Sleepers had significantly greater emotional reactivity than Good Sleepers in years 2 

and 3 (with a trend in the same direction at year 1). Further, Poor Sleepers had 

significantly lower emotion regulation in all three years (See Table 1). 

(Table 1 inserted here) 

Were more years of poor sleep associated with greater difficulties with emotion 

regulation and heightened reactivity? 

 Sleep profiles across assessment years included those who remained in the Good 

Sleepers group for three years (Consistently Good, n=96), those who remained in the 

Good Sleepers group at least two consecutive years (Mostly Good, n=74), those who 

moved groups every year (Unstable Sleepers, n=39), those who remained in the Poor 

Sleepers group for at least two consecutive years (Mostly Poor, n=68), and those who 

stayed in the Poor Sleepers group for all three years (Consistently Poor, n=95).  

Emotion Reactivity. A 2 (Sex) by 5 (Transition Group) by 3 (Year) mixed-model 

ANOVA was conducted to determine differences between the class transition groups and 

sex on emotion reactivity across the three years. There were no significant interactions 

but there were significant main effects for sex (Table 2), transition group, and year. Post-

hoc tests revealed significant differences between the Consistently Good group and both 

the Unstable Sleepers and Consistently Poor groups, with the Consistently Good group 

reporting less emotional reactivity than the Unstable Sleepers (p=.025) and the 

Consistently Poor (p<.001). There were also significant differences between the Mostly 

Good Sleepers and the Consistently Poor sleepers (p=.001) with the Mostly Good 
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Sleepers reporting lower emotion reactivity. Women (M=2.35, SD=.767) scored 

significantly higher on emotion reactivity than men (M=1.92, SD=.579). Year1 had 

significantly lower emotional reactivity than Year3 (t(407) = -2.378, p=.006), and Year2 

had significantly lower emotional reactivity than Year3 (t(379) = -2.881, p=.004).  

Difficulties with Emotion Regulation. A 2 (Sex) by 5 (Transition Group) by 3 (Year) 

mixed model ANOVA was conducted to determine differences between the class 

transition groups and sex on difficulties with emotion regulation across the three years. 

There were significant main effects of sex, class transition group, and year F(2,678) = 

5.268, p=.005). There also was a significant interaction between sex and year (see 

Supplemental Information). Post-hoc comparisons showed significant differences 

between transition groups. The Consistently Good group scored significantly lower than 

the Unstable Sleepers (p=.008), the Mostly Poor group (p<.001), and the Consistently 

Poor group (p<.001) on difficulties with emotion regulation. The Mostly Good group also 

scored significantly lower than the Mostly Poor group (p=.023), and the Consistently 

Poor group (p<.001). Women (M=2.91, SD=.632) scored significantly higher on 

difficulties with emotion regulation than men (M=2.57, SD=.599). To follow-up the 

significant main effect of year, paired samples t-tests were conducted but no significant 

differences were found between the years (p=.113 to .675). A paired samples t-test was 

conducted to follow up the significant interaction with sex and year and revealed that 

men showed significant increases in difficulties with emotion regulation between the first 

and third years (t(85)=-3.388, p=.001), while women remained stable (t(265)=.629, 

p=.530).  

(Table 2 inserted here) 
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Do good and poor sleepers differ on stress and sex hormones? 

Hormone concentrations were compared between the two classes (Good, Poor 

Sleepers) in Year3 (when hormones were measured). Outliers were removed 

(cortisol=11, estradiol= 14, DHEA-S=1, Cortisol/DHEA-S ratio=12). Saliva sample time 

was used as a covariate in cortisol and cortisol/DHEA analyses. Significant group 

differences emerged for cortisol, with the Poor Sleepers having higher cortisol than the 

Good Sleepers (see Table 3). Poor sleepers also had a higher cortisol/DHEA ratio than 

Good sleepers. No significant differences emerged for any other hormones. For analyses 

involving estradiol, days since end of last period and birth control usage were 

investigated in separate analyses as covariates, but no significant differences emerged.  

(Table 3 inserted here) 

For the impact of stability (or lack of) in sleep quality across the three years on 

hormones, outliers removed included 8 for estradiol, 8 for cortisol, 5 for DHEA, 8 for 

Cortisol/DHEA-S ratio. The one-way ANOVA for Transition Group (5) for the 

cortisol/DHEA ratio yielded significant differences for the cortisol/DHEA ratio when 

using saliva sample hour as a covariate (F(4,327)=2.465, p=.045 (see Table 4). To further 

explore this question, a one-way ANOVA was conducted between the Consistently Poor 

Sleepers and Good Consistently Sleepers. The Consistently Poor Sleepers had a 

significantly higher cortisol/DHEA ratio than the Consistently Good Sleepers 

(F(1,168)=5.63, p=.019). For analyses involving estradiol, days since end of last period 

and birth control usage were tried in separate analyses as covariates, but no significant 

differences emerged. 

(Table 4 inserted here) 
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 What is the role of stress and sex hormones in the relationship between sleep and 

emotion regulation and reactivity? 

We ran a moderated regression to see if cortisol was a significant moderator in the 

relationship between transition group membership and difficulties with emotion 

regulation in the Consistently Good and Consistently Poor sleepers. This analysis strategy 

allowed us to focus on the best and worst sleepers, to better understand the impact of 

good and poor sleep and association with cortisol in those that were consistent across the 

three-year measurement.  

When including transition group (Consistently Good, Consistently Poor), cortisol 

concentration (both variables were centered prior to running the analysis), and saliva 

sample time in the moderated regression on the first step, step one accounted for a 

significant portion of difficulties with emotion regulation, R2=.192, F(3,169)=13.355, 

p<.001). An interaction term was created between transition group and cortisol 

concentration and was included on the second step. This interaction of transition group 

and cortisol led to a significant change, R2=.022, F(1,168)=4.668, p=.032 (b=.013, 

t(169)=2.161, p=.032), such that consistently poor sleep and high cortisol was associated 

with the greatest emotion regulation difficulties. Simple slopes analyses revealed a 

significant effect of transition group at both high (+1SD, b=.640, t(169)=5.345, p<.001), 

and low cortisol (-1 SD, b=.262, t(169)=2.515, p=.013) concentration (see Figure 1).  

(Figure 1 inserted here) 

Discussion 

 The current study investigated natural variation in sleep quality and associations 

with emotion reactivity and emotion regulation across the first three years of university. 
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Based on self-report measures of sleep duration, sleep satisfaction, and impact on waking 

function, two groups of sleepers emerged for each year of assessment. Poor Sleepers 

reported more difficulties with emotion regulation and greater emotional reactivity than 

Good Sleepers. As well, when different trajectories for class membership were identified 

across the three years, consistently worse sleep was associated with more emotion 

regulation difficulties and greater emotional reactivity in a dose-dependent manner. This 

supports previous studies that have found that poor self-reported sleep is associated with 

lower emotion regulation abilities (Klump et al., 2017; Mauss et al., 2013; Pickett et al., 

2016), and previous research with behavioural and neural measures on emotion 

functioning (for review see Cote et al. 2019). Due to a reduction in functional 

connectivity between the amygdala and regulatory regions with poor sleep, individuals 

may be less able to successfully regulate the overactivity of emotional regions, and thus 

less able to regulate emotions. The current study extends previous findings by 

investigating sleep satisfaction and reasons for poor sleep as well as sleep quality and 

duration. For university students, Poor Sleepers reported greater sleep lost due to 

assignments, employment, worry, fights with roommates, and spending time with friends. 

This study also tracked the association between these variables across time, where greater 

difficulties with emotional functioning were found as years of poor sleep accumulated.  

 When comparing classes on hormone concentrations, Poor Sleepers had higher 

concentrations of cortisol compared to Good Sleepers. Previous studies have found mixed 

results on the relationship between cortisol and sleep and have suggested that it could be 

the timing of the circadian rhythm of cortisol that is impacted by poor sleep (Guyon et al., 

2014). Although not sleeping later on the day of saliva collection, cortisol secretion can 
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be delayed in late sleepers, and it is possible that poor sleepers could be more likely to 

have a later wakeup time (Rea, Figueiro, Sharkey, & Carskadon, 2012). Other studies 

have suggested that sleep loss may be a stressor that increases cortisol levels (Reynolds et 

al., 2012). As the students reporting sleep difficulties also reported greater amounts of 

sleep loss due to various reasons, it is also possible that they experienced higher levels of 

stress. 

 Poor sleepers also had a higher cortisol to DHEA-S ratio than Good sleepers. 

Additionally, when addressing the consistency of sleep quality over three years, there was 

a higher cortisol to DHEA-S ratio for the Consistently Poor sleepers compared to the 

Consistently Good sleepers. The cortisol/DHEA ratio is shown to be elevated in 

individuals with depression, alongside an increased cortisol concentration (Juruena, 

Bocharova, Agustini, & Young, 2018; Morkopoulou et al., 2009). The increase in 

cortisol/DHEA ratio can precede the onset of depression (Goodyer, Herbert, & Altham, 

1998). A bias towards cortisol has also been found for other types of psychopathology 

and internalizing disorders (Kamin & Kertes, 2017). DHEA generally has anti-

glucocorticoid properties and may protect against neurotoxic effects of cortisol (Juruena 

et al., 2018). In terms of emotion, one study found that DHEA administration reduced 

amygdala activity in an emotion task, and increased activity in regulatory regions, such as 

the rostral anterior cingulate cortex (Sripada et al., 2013). In our sample, elevated 

cortisol/DHEA ratio could indicate a change in HPA-axis function due to chronic stress 

and could be a risk factor for psychopathology combined with difficulties in regulating 

emotions and increased reactivity in those who have poor or chronically poor sleep.  



CHAPTER 2: LUSTIG 
 

76 
 

Finally, cortisol concentration moderated the relationship between chronic sleep 

transition group in the Consistently Good and Consistently Poor and difficulties with 

emotion regulation. Low levels of cortisol were associated with higher emotion 

regulation difficulties in Consistently Poor compared to Good sleepers, but those who 

had poor sleep and the highest levels of cortisol experienced the greatest difficulties with 

emotion regulation. There are a few interpretations that could explain this association. 

First, previous research found that greater experience of stressful life events was 

associated with greater fragmentation and variability in sleep duration (Mezick et al., 

2009). The relationship between stressful life events and sleep fragmentation was 

moderated by negative affect, such that stress was associated with sleep fragmentation 

only in those with high levels of negative affect. This study raises the possibility that our 

findings might be explained as those who have high levels of stress combined with a 

difficulty in regulating their emotions and potentially their stress level, are the ones who 

experience sleep challenges. This finding supports the possibility of a bidirectional 

relationship between these variables, and as they were measured simultaneously, stands 

as a potential interpretation.  

It is also possible that sleep could serve as a protective factor. One study found 

that high sleep efficiency combined with high socioeconomic status was protective 

against the anxiety-provoking effects of having a psychologically controlling mother (El-

Sheikh, Hinnant, Kelly, & Erath, 2010). This finding supports the possibility that getting 

good sleep under some conditions may protect against difficulties with emotion and 

mental health. The concept of good sleep protecting against the impact of stress on 

emotion function is also supported by another study where participants reported daily 
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levels of stress and positive and negative affect while recording nightly sleep with a Fitbit 

activity monitor (Chue, Gunthert, Kim, Alfano, & Ruggiero, 2018). They found that sleep 

debt moderated the relationship between stress level the previous day and both positive 

and negative mood the following morning. For nights following high subjective stress, 

high levels of sleep debt was associated with higher negative and lower positive affect. 

This idea is further supported as high levels of cortisol have been associated with the 

onset of depressive symptoms (Juruena, et al., 2018). Like the current study, a recent 

study found that the cortisol awakening response was a mediator between poor sleep and 

depression two years later, where a greater CAR was associated with more symptoms 

(Kuhlman, et al., 2019). Based on the findings in the current study, it is possible that 

good sleepers were protected from some of the negative impacts of high stress or cortisol 

on emotion functioning. For rested men, higher feelings of stress and higher cortisol, was 

associated with higher levels of arousal ratings for emotional images (Kinner, Het, & 

Wolf, 2014). In the present study, those with high levels of cortisol or stress may be more 

emotionally reactive and obtaining insufficient or poor sleep further contributes to 

difficulties with emotional reactivity and emotion regulation.  

The current study has some limitations that should be considered in future 

research. First, the saliva measurements were taken at a single timepoint that varied 

somewhat by time of measurement. However, it is not likely that the outcomes reported 

can be explained by group differences in time of assessment because groups did not differ 

on sample time, and effects were robust even when sample time used as a covariate. As 

well, saliva samples were taken when participants received payment, so were not 

measured on the same day as the self-report data. Future studies should collect saliva at 
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standard times, controlling for wake time, and repeatedly throughout the day if possible, 

to more precisely measure the role of cortisol as it changes over the day.  

Further, menstrual phase or birth control usage was not controlled for in this 

longitudinal study, which may contribute to a lack of findings with progesterone and 

estradiol . Future research would benefit from more control of menstrual phase to better 

investigate the role of these hormones. It is also possible that individuals who have 

greater concerns with their life satisfaction may report more issues with both sleep and 

emotion functioning. Finally, in this study, sleep and emotion questionnaires were given 

at the same time, which leaves open the question of directionality of some of these effects 

for further investigation. Studies have suggested that this relationship is bidirectional, that 

difficulties with emotion regulation can be associated with poorer subsequent sleep 

quality (Semplonius & Willoughby, 2018; Stewart, Rand, Hawkins, & Stines, 2011; 

Tarvernier & Willoughby, 2015). In the current study, both sleep and emotion variables 

were measured concurrently, so it is possible that poorer emotion regulation and 

heightened emotional reactivity could impact sleep. Due to challenges in determining 

causality, it is thus important to combine self-report measures with more objective 

measures of sleep (such as actigraphy, or overnight PSG) and emotion (such as emotion 

perception tasks). Future studies should also address daily fluctuations in sleep and their 

association with emotion to better elucidate the causality and direction of these effects.  

Conclusions 

The current study contributes to the literature by investigating both short-term and 

long-term associations between sleep quality and emotion functioning and investigating a 

potential role for cortisol in this relationship. This study identifies cortisol concentration 
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as a potential predictor in understanding individual differences in response to sleep loss 

on emotion functioning. One implication of the results is that obtaining good quality 

sleep over time may protect against associations between high levels of stress and 

emotional challenges. Improving sleep may therefore be a target for intervention in 

students, a group experiencing high levels of daily stress, to combat emotional 

difficulties. These interventions become especially important given the combination of 

increased cortisol, a greater cortisol/DHEAS ratio, and emotion regulation difficulties 

associated with poor sleep and concerns for mental health, such as depressive symptoms.  
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Table 2-1  

Class differences on sleep indicators for each year.  

  Year 1   

df1, 

df2 F p Year 2   

df1, 

df2 F p Year 3   

df1, 

df2 F p 

 

Good  Poor       Good Poor       Good Poor       

N 

201 (136 

women) 

213 (166 

women)    

190 (141 

women) 

195 (150 

women)    

231 (163 

women) 

200 (152 

women)    

Sleep Duration (week) 8.52(1.32) 7.74(1.47) 1,395 29.993 <.001 8.29(1.22) 7.25(1.56) 1,366 50.59 <.001 8.34(1.20) 7.43(1.57) 1,409 44.381 <.001 

Sleep Duration (weekend) 9.08(1.22) 8.79(1.36) 1,398 4.714 0.013 8.89(1.29) 8.49(1.30) 1,368 8.512 0.004 8.64(1.17) 8.49(1.42) 1,407 1.201 0.274 

Interference from sleep 

pattern 2.08(.751) 2.43(.824) 1,412 20.332 <.001 1.81(.557) 2.70(.688) 1,382 192 <.001 1.81(.598) 2.73(.757) 1,428 199.499 <.001 

Nap Frequency 2.64(1.00) 2.96(1.02) 1,385 9.769 0.002 2.40(.917) 2.90(1.048) 1,373 24.66 <.001 2.47(.989) 2.72(1.04) 1,429 6.492 0.011 

Sleep Pattern Dissatisfaction 2.85(.994) 3.39(.960) 1,403 30.417 <.001 2.41(.739) 3.88(.682) 1,382 409.2 <.001 2.38(.790) 3.86(.750) 1,426 391.913 <.001 

Sleep lost work 1.26(.450) 1.44(.624) 1,410 10.676 0.001 1.27(.509) 1.49(.685) 1,382 13.52 <.001 1.31(.543) 1.60(.723) 1,429 22.259 <.001 

Sleep lost worry 1.78(.687) 2.11(.791) 1,412 20.066 <.001 1.92(.594) 2.50(.587) 1,383 94.63 <.001 1.93(.588) 2.52(.585) 1,429 108.811 <.001 

Sleep lost assign 1.91(.286) 3(0.0) 1,411 3071.795 <.001 2.12(.561) 2.65(.519) 1,381 92.75 <.001 2.04(.497) 2.76(.430) 1,421 246.572 <.001 

Sleep lost excite 2.05(.564) 2.16(.658) 1,406 3.665 0.056 1.90(.541) 2.07(.692) 1,381 7.822 0.005 1.93(.554) 2.02(.660) 1,428 2.318 0.129 

Sleep lost fights 1.44(.638) 1.61(.736) 1,412 6.112 0.014 1.33(.513) 2.42(.616) 1,382 23.69 <.001 1.32(.504) 1.69(.746) 1,429 37.252 <.001 

Sleep lost roommates 2.30(.594) 2.50(.619) 1,411 10.811 0.001 2.08(.608) 2.25(.634) 1,383 29.51 <.001 2.06(.569) 2.39(.616) 1,427 33.000 <.001 

Emotion Reactivity 2.13(.845) 2.29(.870) 1,411 3.383 0.067 2.01(.746) 2.42(.842) 1,383 25.81 <.001 2.15(.777) 2.53(.893) 1,425 22.231 <.001 

Diff Emotion Regulation 2.66(.706) 2.95(.752) 1,390 15.668 <.001 2.64(.719) 3.04(.697) 1,378 30.719 <.001 2.65(.719) 3.12(.718) 1,429 46.302 <.001 
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Table 2-2  

Results of ANOVAs for Transition Group x Sex x Year 

   F df p 

Emotion Reactivity  Main Effect of Transition Group 4.661 4,358 0.001 

 Main Effect of Sex 23.138 1,358 <.001 

 Main Effect of Year 3.904 2,716 0.021 

Diff Emotion 

Regulation Main Effect of Transition Group 10.813 4,339 <.001 

 Main Effect of Sex 14.682 1,339 <.001 

 Main Effect of Year 5.268 2,678 0.005 

 Sex x Year Interaction 5.272 2,678 0.004 
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Table 2-3  

Hormone concentrations in Good and Poor sleepers in year 3.  

 

Acute (Good/Poor Sleepers in Year 3) Mean Good Mean Poor F(df) P-value 

Testosterone (pmol/L) 316.6(141.4) 290.6(107.0) 1.084(1,109) 0.300 

Estradiol (pmol/L) 16.59(9.33) 16.21(7.87) .130(1,271) 0.719 

Cortisol (nmol/L) 9.75(3.76) 10.72(4.11) 6.072(1,388) 0.014 * 

DHEA-S (nmol/L) 9.73(5.73) 9.10(5.49) 1.331(1,419) 0.249 

Alpha Amylase (U/mL) 123.87(84.02) 127.01(83.17) .144(1,411) 0.704 

Cortisol/DHEA-S Ratio 1.34(0.878) 1.56(1.05) 3.967(1,379) 0.047* 
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Table 2-4  

Hormone concentrations by transition group in year 3. 

 

Chronic (Transition Groups) 

Consistently 

Good 

Mostly Good Unstable Mostly Poor  

Consistently 

Poor 

F(df) 

P-

value 

Testosterone (pmol/L) 316.7(162.1) 279.8(135.2) 391.6(181.9) 328.6(72.0) 278.2(85.1) 1.304(4,82) 0.275 

Estradiol (pmol/L) 15.44(6.79) 19.40(12.50) 13.82(5.87) 17.76(11.24) 16.84(9.01) 1.954(4,244) 0.102 

Cortisol (nmol/L) 9.27(3.04) 10.03(4.72) 10.62(4.83) 10.73(4.76) 10.50(3.83) 1.4644,333) 0.213 

DHEA-S (nmol/L) 8.96(4.73) 9.63(6.30) 9.99(6.16) 9.14(4.24) 8.33(4.88) .994(4,355) 0.411 

Alpha Amylase (U/mL) 112.68(78.26) 121.07(82.59) 125.81(93.19) 136.96(86.43) 125.27(73.36) .997(4,351) 0.409 

Cortisol/DHEA-S Ratio 1.35(.864) 1.43(1.15) 1.51(1.05) 1.19(.61) 1.77(1.23) 2.465(4,327) 0.045* 
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Figure 2-1. Worse chronic sleep was associated with increased difficulties with emotion 

regulation at low levels of cortisol (-1 SD, b=.262, t(169)=2.515, p=.013), but especially 

at high levels of cortisol when comparing Consistently Good and Consistently Poor 

(+1SD, b=.640, t(169)=5.345, p<.001). 
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Supplemental Information 

Missing Data 

Missing data occurred within each time point because some students did not 

answer every question in the survey (average missing data = less than 2% each year), and 

because some students did not complete all three years of the survey (an average of 

5.31% of participants were missing from the analysis for each year). Missing data 

analyses revealed that missing data were not dependent on the values of the study 

measures (p > 0.05). Thus, missing data were estimated using the full information 

maximum likelihood (FIML) method. FIML retains cases that are missing survey waves, 

thus avoiding the biased parameter estimates that can occur with pairwise or listwise 

deletion (Schafer & Graham, 2002).  

Schafer, J.L., & Graham, J.W. (2002) Missing data: Our view of the state of the art. 

Psychol Methods, 7, 147–177. 

Latent Class Analysis 

To determine the number of groups that were best represented by the data, four 

criteria were considered: 1) the theoretical interpretability of the groups, 2) the Bayesian 

information criterion (BIC), such that successively smaller numbers with increasing 

number of groups indicate better fit of the 

data to the model), 3) the Lo-Mendell-Rubin-adjusted likelihood ratio (LMR-LRT) test 

and the bootstrap loglikelihood ratio test (BLRT), with a significant p value indicating 

that the estimated model provides a better fit to the data than the comparison model with 

one fewer groups, and 4) preferably that entropy (an index of separation between groups) 

is greater than .70 (Jung & Wickrama, 2008). 
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Jung, T, & Wickrama, K.A.S. (2008) An introduction to latent class growth analysis 

and growth mixture modeling. Soc Personal Psychol Compass, 2, 302–313. 

 

Table S1  

Fit indices and classification precision indices for latent class models  

 

Year 1  1 2 3 

BIC  11458.7 10541.3 9026.86 

Entropy . 0.998 0.998 

Class 

>5% . Yes No 

LMR-

LRT . 0.0582 Nsig 

BLRT . Sig Sig 

Year 2 1 2 3 

BIC  10739.1 11140.9 8437.93 

Entropy . 0.71 0.998 

Class 

>5% . Yes Yes 

LMR-

LRT . Sig Nsig 

BLRT . Sig Sig 

Year 3 1 2 3 

BIC  11962.9 11140.9 11105.4 

Entropy . 0.717 0.765 

Class 

>5% . Yes Yes 

LMR-

LRT . Sig Nsig 

BLRT . Sig Nsig 
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Figure S1. The effect of sex on difficulties with emotion regulation across the three years 

of assessment. Errors bars are +/- 1 SE.   

 

Supplementary Results 

Follow-up Analyses with Movements Across the Years. As a post-hoc exploratory 

analysis, we were interested in investigating the effect of changing from the Good sleeper 

group to the Poor sleeper group on emotion variables. If it was poor sleep quality that was 

leading to poor emotion functioning, we would expect that the decline in sleep quality 

between the two years would be associated with an increase in emotion reactivity and a 

decrease in emotion regulation. We computed a paired-samples t-test for participants who 

moved from the Good sleeper group in their first year to the Poor sleeper group in their 

second year (n= 54). For Difficulties with Emotion Regulation, there was a significant 

increase from Year 1 (M = 2.81, SD = 0.635), to Year 2 (M = 2.98, SD = .713) (t(53)= -

2.046 p = .046). For Emotion Reactivity (n = 58), there was no significant change 
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between years (t(57) = .752, p = .455). For participants who moved from the Good 

Sleeper group in their second year to the Poor Sleeper group in their third year (n = 43), 

there was a significant increase in difficulties with emotion regulation between year 2 (M 

= 2.78, SD = .789 ) to year 3 (M = 3.03, SD = .775)(t(42) = -2.775, p = .008). For emotion 

reactivity, there was also a significant increase from year 2 (M= 2.22, SD = .822) to year 

3 (M = 2.43, SD = .890)(t(42) = -2.288, p = .027). In contrast, we compared participants 

who went from the Poor Sleeper group in Year 1 to the Good Sleeper group in Year 2, 

and there were no significant changes on the emotion variables for difficulties with 

emotion regulation (t(58) = -.047, p = .962) or emotion reactivity (t(61) = 1.122, p = 

.266).  There were also no significant differences when comparing participants who went 

from the Poor Sleeper group in Year 2 to the Good Sleeper group in Year 3 on difficulties 

with emotion regulation t(56) = .837, p = .406) or emotion reactivity (t(59) = -.854, p = 

.396). 

These results suggest that a change in sleep habits from good to poor between 

assessments impacts emotion functioning. However, when comparing those who 

transitioned from Poor to Good sleepers, there was no significant decrease in emotional 

reactivity or increase in emotion regulation. This analysis suggests that reporting 

improved sleep habits after the previous report of poor sleep habits is not enough to 

reduce emotional challenges and suggests that a longer recovery period may be 

necessary.  
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Additional Supplemental Analyses (Not in publication) 

Movement Profile Analyses Addressing Causal Questions 

 When including all 8 potential movement profiles (all combinations of Good and 

Poor sleepers in each year), for difficulties with emotion regulation, there was a main 

effect of movement group F(7,341) = 8.087, p <.001. There were significant differences 

between the Consistently Good sleepers and the participants who changed from Good to 

Poor (Good, Poor, Poor) after Year 1 (p =.012), the Mostly Poor (Poor, Poor, Good) (p = 

.002) and the Consistently Poor (Poor, Poor, Poor). The Consistently Poor were also 

significantly worse than the Recovered Movers (Poor, Good, Good) (p < .001). Two 

years of good or poor sleep could impact functioning, as evidenced by the differences 

between the Consistently Good and Poor sleepers and groups with two consecutive years 

of good or poor sleep, regardless of where those consecutive years fell in the three-year 

period. The previous analysis considering the effect of changing group over a one-year 

period suggested that more cumulative years of good sleep were needed to compensate 

for poor sleep. These results suggest that two years of consecutive good sleep may be 

sufficient.  

 For Emotion Reactivity, there was a main effect of movement group F(7,360) = 

5.457, p <.001. There was also a significant effect of year (F(2, 720) = 3.963, p = .020). 

There were significant differences between the Consistently Good (Good, Good, Good) 

and the Unstable (Good, Poor, Good) (p =.030), and the Consistently Poor (p <.001). The 

Recovered Movers (Poor, Good, Good) had significantly lower ER than the Consistently 

Poor (p =.001). These differences also support the benefit of two consecutive years of 
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good sleep. The differences between the Consistently Good and Unstable groups support 

that two consecutive years of good sleep is important for emotion functioning. 
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Chapter 3  

 The Role of Pubertal Status and Sleep Satisfaction in Emotion 

Reactivity and Regulation in Children and Adolescents 
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Abstract 

Study Objectives: This study investigated the role of hormones and pubertal status in the 

association between sleep satisfaction and self-reported emotion functioning in 256 

children and adolescents aged 8-15. 

Methods: Self-report data was provided on sleep duration, sleep satisfaction, and 

emotion, and a saliva sample was obtained for hormone measures. A subset of children 

also wore an Actigraph watch to measure sleep for a week.  

Results: Latent-class analysis revealed three classes of sleepers: Satisfied, Moderately 

Satisfied, Dissatisfied. Dissatisfied sleepers reported more difficulties with emotion 

regulation and greater emotion reactivity than Satisfied sleepers. High difficulties with 

emotion regulation was associated with shorter objective sleep duration, and high 

emotion reactivity was associated with lower sleep efficiency. For girls, Dissatisfied 

sleepers reported being further through pubertal development than Satisfied sleepers. 

There were also significant correlations between pubertal development and shorter sleep 

duration and longer sleep latency in girls, and shorter and more irregular sleep in boys. 

Finally, pubertal development in girls was a significant moderator in the relationship 

between sleep satisfaction and difficulties with emotion regulation in Dissatisfied 

sleepers, such that being further through puberty and having unsatisfactory sleep resulted 

in the highest emotion regulation difficulties.  

Conclusions: This study expands on previous literature by considering the role of sleep 

satisfaction and the interaction with puberty development on emotion function. This 

study identified a role for greater pubertal development in the association between 

unsatisfactory sleep and emotion regulation in girls. 
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Keywords: sleep quality, sleep satisfaction, puberty status, hormones, emotion reactivity, 

emotion regulation 

 

Statement of Significance: This study provides evidence that puberty and poor sleep 

may interact to impact emotion function and highlights this period of hormonal change as 

important for intervention on improved sleep hygiene. Future research should further 

investigate the role for sex hormone concentration in this association during puberty.  
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The Role of Pubertal Status and Sleep Satisfaction in Emotion Reactivity and 

Regulation  

in Children and Adolescents 

Experimental manipulation of sleep shows behavioural and neural reactivity to 

emotional stimuli after sleep deprivation in adults (Cote, Lustig & Macdonald, 2019). As 

well, there is evidence of self-reported poor sleep quality being associated with difficulty 

in regulating emotions (Palmer & Alfano, 2015). Although less research has been 

performed in school-aged children, similar results to adults have been found for the 

impact of poor sleep on emotional functioning. The National Sleep Foundation 

recommends between nine to eleven hours of sleep for school-aged children (ages 6-13) 

(Hirshkowitz et al., 2015). McGlinchey and colleagues (2011) found that adolescents 

(ages 11-15) were more susceptible than adults to sleep deprivation on vocal expression 

of positive emotions in adolescents. Studies comparing multiple nights of sleep restriction 

to sleep extension in children and adolescents found sleep restriction to be associated 

with worse emotion regulation on tasks and by self-report measures (Vriend et al., 2013; 

Baum et al., 2014) and greater pupil reactivity to negative audio clips (McMakin et al., 

2016). Despite this pattern, an experimental study by Reddy, Palmer, Jackson, Farris and 

Alfano (2017) did not find an effect of four-hour sleep restriction compared to an 

extended sleep period of 9.5 hours on reactivity to emotional images or on an emotion 

regulation task in adolescents.  

Few studies have been conducted on the association between natural variations in 

sleep quality and emotion functioning in children and adolescents. In a large cross-

sectional study of adolescents, sleep disturbances, such as difficulty falling asleep and 
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awakenings, were associated with greater mental health complaints, which was partially 

mediated by poor emotion regulation strategies (greater use of rumination, avoidance, and 

suppression) (Palmer, Oosterhoff, Bower, Kaplow, & Alfano, 2018). In a sample of 

children, shorter sleep duration reported by parents was associated with greater reactivity 

in emotion processing regions, such as the amygdala and insula when viewing negative 

emotional faces (Reidy, Hamann, Inman, Johnson, & Brennan, 2016). This study 

replicates results in adult populations showing increased reactivity of emotion processing 

regions after insufficient sleep (Yoo, Gujar, Hu, Jolesz, & Walker, 2007). Together, these 

studies support similar findings to the impact of poor sleep in adolescents and children as 

to adults, but also highlight a role for individual differences in sleep patterns.  

During adolescent development, puberty has been associated with changes in 

sleep. Puberty coincides with the onset of subjective sleep complaints in girls (Knutson, 

2005; Pieters, Van Der Vorst, Burk, Wiers, & Engels, 2010) and a shift towards later 

bedtimes (Pieters et al., 2010). As well as changes in satisfaction with sleep, one study 

also reported shortening of sleep duration with progression through the Tanner stages 

(Rutters, Gerver, Nieuwenhuizen, Verhoef, Westerterp-Plantenga, 2010). These changes 

in sleep satisfaction and duration may be associated with the well-documented shift in 

sleep timing associated with puberty and adolescence (e.g. Crowley et al., 2014; Crowley, 

Wolfson, Tarokh, & Carskadon, 2018). Frey and colleagues (2009) found that the onset 

of menarche was associated with a 5-year long period of shift to preference for a later 

bedtime before a shift to earlier bedtime in adulthood. Another study found that late 

bedtimes during childhood were associated with early development of secondary sex 

characteristics such as pubic hair (Foley, Ram, Susman, & Weinraub, 2018). This 
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circadian shift towards later bedtimes can result in conflicts between sleep and waking 

commitments, such as school start times, which can leave adolescents sleep-deprived and 

with waking deficits (Crowley et al., 2018). This research supports a role for pubertal 

timing and sex hormones in sleep quality, duration, and satisfaction that should be 

investigated for a role in emotion functioning. 

Previous research by our group has supported a role for hormones in the 

relationship between sleep duration and quality and emotion functioning (Lustig, Cote, & 

Willoughby, submitted; Lustig et al., 2018). For instance, greater progesterone 

concentration in sleep-restricted women in the luteal phase of the menstrual cycle was 

associated with higher N170 amplitude to emotional faces (Lustig et al., 2018). This 

association could be due to the impact of poor sleep and hormone concentration on 

emotion reactivity when both these factors are often associated with increased reactivity 

on their own (Derntl et al., 2008; Van Wingen, Ossewaarde, Backstrom, Hermans, & 

Fernandez, 2011). In a sample of university students, we reported a moderating role of 

cortisol in the association between sleep quality and difficulties with emotion regulation, 

where poor sleepers with the greatest concentration of cortisol had the greatest difficulties 

with emotion regulation (Lustig et al., submitted). In the current study, we investigated 

the role of hormones and pubertal status in the relationship between sleep and emotion 

during a developmental window in which there is a natural change in sex hormone 

concentrations due to puberty. As we were interested in the role of individual differences 

and naturally occurring sleep patterns, we used Latent Class Analysis, as it takes a 

person-centered as opposed to variable-centered approach (Bergman, & Magnusson, 
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1997). This analysis allows us to examine different patterns of sleepers within the sample, 

and to then compare these groups on emotional outcomes. 

 In this study, we aimed to address several goals. First, we investigated the effect 

of different patterns of sleep duration and satisfaction on self-reported emotion 

functioning. We expected to find increased reactivity and difficulties with emotion 

regulation in children reporting poor sleep quality or quantity. Next, we investigated if 

good and poor sleepers differed on hormone concentrations or on pubertal status. Based 

on previous findings (Knutson, 2005; Pieters et al., 2010; Rutters et al., 2010; Foley et al., 

2018), we expected that poorer sleep would be associated with pubertal development and 

greater concentration of the sex hormones. Finally, our central aim was to investigate 

whether there was a role for pubertal status and sex hormone concentration in the 

relationship between sleep and emotion functioning. Based on our previous research 

(Lustig et al., submitted; Lustig et al., 2018), we expected that children with a 

combination of poor sleep and greater sex hormone or cortisol concentration, or being 

further through puberty, would have greater emotion complaints due to the impact from 

both poor sleep and greater hormone concentration.  

Methods 

Participants 

The sample was drawn from a larger 3-year longitudinal study on social 

psychological risk factors for behavioural outcomes and focused on the second year of 

data as that time period contained the measures of interest for this study. From a total 

sample of 1313 students, a subset of participants who provided a saliva sample were 

selected for this report. The subset consisted of 256 children and early adolescents (127 
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girls, 129 boys, Mage=11.25, range 8-15 years) recruited from elementary schools in 

grades 3-9 in a mid-sized city in Canada. See Table 1 for sample description. 

(Table 1 inserted here) 

Materials 

Subjective Sleep. Students were asked to report what time they normally fall 

asleep and wake up during the week and on weekends, and these variables were used to 

calculate typical sleep duration during the week and on weekends. To determine sleep 

satisfaction, the question, “Since the beginning of summer last year, how often has not 

getting enough sleep bothered you?” was used from a measure of Daily Hassles 

(Willoughby, 2008). 

Objective Sleep. Actigraphy was recorded using an Actiwatch Spectrum Pro 

(Phillips Respironics, Murrysville, Pennsylvania). Epoch length was set to 15 seconds, 

and watches were analyzed in Actiware software. Mean sleep duration, sleep efficiency 

(total sleep time/time in bed) and sleep latency were calculated for the week participants 

wore the watch (M=6.58 days of data, SD=1.24 days). The Sleep Regularity Index (SRI) 

was also calculated to determine the consistency of sleep/wake states across 24-hour 

periods (Phillips et al., 2017). Participants who had fewer than four days of data were 

removed to avoid artificial inflation of sleep regularity (10 participants).   

Emotion. Emotion regulation was assessed at each time point with four items 

from the Difficulties in Emotion Regulation Scale (DERS (e.g., “When I’m upset or 

stressed, I have difficulty concentrating. When I am upset or stressed, I have difficulty 

thinking about anything else. When I am upset or stressed, I know I can find a way to feel 

better. When I am upset or stressed, I start to feel bad about myself.” (Gratz & Roemer, 
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2004). Responses were given on a 4-point Likert scale ranging from “almost never” to 

“almost always”. Cronbach’s alpha was .690. Participants also completed 3 items from 

the Emotional Reactivity Scale (ERS (e.g., “My feelings get hurt easily. When I am 

upset/angry, it takes me a long time to calm down. When something bad happens, other 

people tell me I overreact.”), with responses on a 4-point Likert scale ranging from “not 

at all like me” to “completely like me” (Nock, Wedig, Holmberg, & Hooley, 2008). 

Cronbach’s alpha was .702. For both measures, the mean score was used for analysis with 

a higher score reflecting greater difficulties with emotion regulation and greater emotion 

reactivity. 

Pubertal Status. Puberty status was measured by administering the Pubertal 

Development Scale (Carskadon, & Acebo, 1993). Participants were asked to rate their 

pubertal development on various symptoms such as growth in height, presence of body 

hair, and skin changes. Boys were asked about growth of facial hair and a deeper voice, 

while girls were asked about breast development and whether they had reached 

menarche. Each item was rated on a 4-point Likert scale from “not yet started” to “seems 

complete”. The Cronbach’s alpha was .495 for girls, and .763 for boys.  

Saliva Sampling. Saliva was collected in Salivettes (Sarstedt Inc). Participants 

were instructed to chew the cotton swab for 60 seconds and then place back in the tube. 

Saliva samples were then frozen at -20 degrees until analysis. 

Procedure 

Students were invited to participate in the study during visits to schools. Each 

year, the survey was completed in two separate halves, both occurring approximately one 

month apart within a 4-month period (January-April). Trained researchers administered 
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the surveys to participants in their classrooms during school hours. Participants were 

compensated with small gifts (e.g., backpacks, pencils). Parents reported on demographic 

variables, such as child age, grade, and sex, initially in a survey that was completed at 

home and submitted with the parents’ consent form. All procedures were cleared by a 

university research ethics board.  

A subset of participants was invited to participate in a mobile lab which was an 

RV parked at school in either a morning (9-10:30 am) or afternoon session (1-2:30 pm). 

Students came to the mobile lab to be fitted with an electrode cap to complete a 

performance task battery (not included here). During their time in the mobile lab, they 

provided a saliva sample. Actigraph watches were handed out in waves of 10 to 20 

students as the watches became available, and so were not directly connected to the dates 

of mobile lab participation. Participants were instructed to wear the watch on their non-

dominant hand for one week during the school year.  

Data Analysis  

 Hormones. Progesterone, cortisol, and testosterone were quantified using liquid 

chromatography coupled with tandem mass spectrometry following methodology 

outlined in Gao, Stalder, and Kirschbaum’s recent article (2015). However, the hormone 

concentrations for progesterone appeared artificially high, perhaps due to interference 

from the cotton swab for measuring sex hormones (Shirtcliff, Granger, Schwartz, & 

Curran, 2001). The mean progesterone in girls was 165 pg/ml (range= 60.8- 362), while 

other studies have shown anovulatory levels before menarche to be 41 pg/ml, with 100 

pg/ml used as a sign of ovulation (Gray et al., 2010), and means of 14.5 to 43.4 pg/mL in 
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children under the age of twelve (BioVendor, Czech Republic). The progesterone data 

from girls was therefore excluded.     

Missing Data. Missing data occurred because some students did not complete all 

the questions in surveys (average missing data 7.9% on emotion questionnaires and 

10.5% on sleep questions), and because some students did not complete each part of the 

survey (the survey was split into two parts completed at different time periods; missing 

data was due to absenteeism but also occasionally to time conflicts, students declining to 

participate in one part of the survey, and students moving to another school district). 

Thus, missing data were estimated using the full information maximum likelihood 

(FIML) estimation method in the Latent Class Analysis. FIML retains cases that are 

missing survey waves, thus avoiding the biased parameter estimates that can occur with 

pairwise or listwise deletion (Schafer, & Graham, 2002). 

Statistical Analysis. Latent class analysis (LCA) was conducted using Mplus 

Version 8.0 (Muthen and Muthen). Latent class indicators included subjective sleep 

satisfaction, and subjective sleep duration during the week and weekend, while 

controlling for both age and sex (see Supplementary Information for more detail on LCA 

models). To address the first research question, classes based on sleep indicators were 

compared on emotion outcomes using one-way ANOVAs. Additionally, we conducted 

correlations between sleep and emotion variables not considering class for both 

subjective and objective measures of sleep (as no clear latent class model was produced 

for the smaller sample of objective measures). To address the relationship between sleep 

and pubertal status or hormone concentration, we compared classes on pubertal 

status/concentration with one-way ANOVAs and conducted correlations between 
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pubertal status and sleep outcomes. Finally, to address the central question of whether 

there is a role for pubertal status in the relationship between sleep and emotion 

functioning, we conducted correlations separately in each class and performed a 

moderation regression analysis using sleep class as a predictor for difficulties with 

emotion regulation and pubertal development in girls as a moderator.  

Results 

Emotion Reactivity and Regulation Differences by Sleep Quality and Quantity 

Subjective Measures of Sleep. Latent Class Analysis revealed three distinct classes using 

subjective measures of sleep (sleep duration during the week, sleep duration during the 

weekend, and the extent “bothered” by sleep pattern). Class 1 had 99 participants (46 

girls), Class 2 had 72 participants (34 girls), and Class 3 had 70 participants (37 girls). 

Class 1 reported “almost never” being bothered by their sleep (M=1.0), Class 2 reported 

being “sometimes” bothered (M=2.0) , and finally, Class 3 reported being between 

“often” and “almost always” bothered by sleep (M=3.4, SD=.5, (F(2,229)=1606.15, 

p<.001). As the groups did not differ on self-reports of sleep duration during the week, 

(range=9.10 to 9.44 hours, F(2,226)=1.103, p=.334), or on weekends, (range=9.04 to 

9.62, F(2,206=1.140, p=.322), the classes were labelled as Satisfied, Moderately Satisfied 

and Dissatisfied respectively. To determine that the 3-class solution was the best model 

fit, we considered entropy, class size, BLRT and LMR-LRT. This model fit had an 

entropy greater than .7, class sizes larger than 5% of the sample, and a significant BLRT 

and LMR-LRT. The 4- class solution had a BIC that increased, a nonsignificant LMR-

LRT, and a class with less than 5% of the sample. 
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 We then compared the classes on emotion variables. There was a significant effect 

of class on both emotion reactivity (F(2,221)=9.542, p< .001) and difficulties with 

emotion regulation (F(2,220)=11.97, p<.001). The Dissatisfied sleepers (M=2.21, 

SD=.734) reported more reactivity (t(160)=- 4.554, p <.001) and regulation difficulties 

(M=2.57, SD=.785) (t(160)=-4.707, p< .001) than the Satisfied sleepers (M=1.72, 

SD=.610; M=2.05, SD=.602). The Dissatisfied sleepers also reported more emotion 

reactivity than the Moderately Satisfied sleepers (M=1.92, SD=.760) (t(126)=2.138, 

p=.034), and the Moderately Satisfied sleepers (M=2.35, SD=.628) reported more 

Difficulties with Emotion Regulation than the Satisfied sleepers (t(155)=-2.995, p=.003).  

Objective Measures of Sleep.  As there was a smaller sample size of participants who 

provided at least one night of actigraphy data, we computed the LCA separately for the 

subset of participants who wore the watch. This analysis included 99 participants, due to 

a delay in receiving the Actigraph watches from the manufacturer at the onset of the 

study, or to participants not wearing the watch. These students were relatively evenly 

spread across grades (19 Grade 4, 17 Grade 5, 14 Grade 6, 14 Grade 7, 19 Grade 8 and 16 

Grade 9). Class indicators included mean duration, mean latency, and mean sleep 

efficiency for the week period, and the sleep regularity index. Within this sample, the 

Latent Class Analysis did not come to a good model fit, producing non-significant LRT 

and BLRT values.  

Correlational Analyses. To further investigate the association between sleep and 

emotion, we conducted correlations between subjective and objective sleep quality and 

self-reported emotion without separating by classes. See Table 2 for correlations. 

Difficulties with emotion regulation was correlated with the extent participants felt 
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bothered by their sleep schedule, and mean sleep duration from the watches, such that 

feeling more bothered by their sleep and a shorter sleep duration were associated with 

greater difficulties with emotion regulation (See Figure 1; one multivariate outlier 

removed); there were trends for correlations with sleep efficiency and latency from the 

watch and self-reported sleep duration during the week. Emotion reactivity was 

correlated with the extent participants felt bothered, and sleep efficiency from the watch, 

with a trend for mean sleep duration, such that feeling more bothered by their sleep and 

having a lower sleep efficiency were associated with greater emotion reactivity.  

(Figure 1 & Table 2 inserted here) 

What is the Association Between Sleep and Hormones or Pubertal Status? 

Pubertal Status. Sleep classes were then compared on their pubertal status separately for 

boys and girls. In girls only, there was a significant effect of class membership on 

pubertal status (F(2,103)=4.284, p=.016). Scores indicated that Dissatisfied sleepers 

(M=2.55, SD=.787) were further through pubertal development than the Satisfied sleepers 

(M=2.05, SD=.722) (t(74)=2.924, p=.005). 

We conducted correlations of the puberty scale score with sleep quality. In girls, 

puberty score was correlated with objective mean duration of sleep (r=-.490, p<.001; 2 

multivariate outliers removed; see Figure 2), objective sleep latency (r=.459, p=.001), 

and the extent to which they felt bothered by their sleep (r=.243, p=.014), such that 

pubertal development was associated with shorter sleep duration, longer sleep latency, 

and more dissatisfaction. There was also a trend for a correlation between puberty score 

and subjective sleep duration during the week in girls (r=-.192, p=.054). In boys, puberty 
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score was correlated with objective mean duration (r=-.331, p=.030), and the sleep 

regularity index (r=-.476, p=.002; see Figure 3), such that being further through puberty 

was associated with shorter sleep duration and more irregular sleep. 

(Figure 2 & 3 Inserted here) 

Hormone Concentration. There were no significant differences between classes based on 

hormone concentration, or any correlations with hormone concentration and emotion 

functioning. Outliers greater than 3 SD over their group mean were removed (9 for 

cortisol and 2 for testosterone) (see Table 3). 

(Table 3 inserted here) 

Is There a Role for Pubertal Status in the Relationship between Sleep and Emotion 

Functioning? 

To investigate pubertal development for a role in the relationship between sleep 

and emotion functioning, we examined correlations between hormone concentration and 

pubertal development score with emotion functioning within each class. In the 

Dissatisfied sleeper group only, there was a significant correlation between difficulties 

with emotion regulation and pubertal development in girls (r=.422, p=.013), such that 

being further along in development was associated with greater emotion regulation 

difficulties (see Figure 4). The association was then tested as a moderation model and 

since class is a categorical variable with more than two groups, we used dummy coding 

with the Satisfied sleepers as the reference group. The Satisfied sleepers were selected as 

a reference group to be able to compare each of the groups to the very best sleepers, so 

we could understand the contributions of poorer sleep compared to the ideal, satisfied 
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sleep profile. On the first step, we included the two dummy coded variables, and step one 

accounted for a significant portion of difficulties with emotion regulation, R2=.115, 

F(2,103),=6.68, p=.002. An interaction term was created for each dummy coded variable 

with mean-centered pubertal development in girls. These interaction terms were entered 

in the second step. The second step led to a significant change in R2 (R2=.081, 

F(2,101)=5.075, p=.008). When comparing the interaction terms, there was a significant 

interaction between pubertal development in girls and the dummy coded variables for the 

Dissatisfied compared to Satisfied sleeper variable (b=.292, t=3.116, p=.002). In a 

separate analysis with the Dissatisfied and Satisfied sleepers alone, simple slopes 

analyses revealed a significant effect of class at high pubertal development in girls 

(+1SD, b = .409, t(72) = 2.816, p = .006).   

 (Figure 4 inserted here) 

Discussion 

The current study investigated the association between sleep satisfaction and 

quality and emotion reactivity and regulation in a sample of children and adolescents. 

The central aim was to investigate a role for puberty and hormones in the relationship.  

Emotion Reactivity and Regulation Differences by Sleep Quality and Quantity 

Three classes emerged that differed on the extent they felt satisfied with their 

sleep pattern. Dissatisfied sleepers reported greater emotion reactivity than Moderately 

satisfied and Satisfied sleepers. Dissatisfied sleepers reported greater difficulties with 

emotion regulation than the Satisfied sleepers, and Moderately satisfied sleepers reported 
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greater difficulties than Satisfied sleepers. These results support previous findings that 

have shown that poor sleep is associated with greater emotion reactivity and regulation 

complaints (Vriend et al., 2013; Baum et al., 2014; McMakin et al., 2016; Reddy et al., 

2017; Palmer et al., 2018). These findings also highlight an important role for sleep 

satisfaction, as the classes had differences in their emotion functioning despite not being 

different in their sleep durations. In fact, all groups had average durations within the 

acceptable range outlined by the National Sleep Foundation (Hirshkowitz et al., 2015). 

Despite this, previous research has shown that even with no differences in sleep duration, 

some individuals may be satisfied with their sleep, while others feel sleep restricted due 

to variability in sleep need (Mercer, Merritt, & Cowell, 1998). Asking participants to rate 

their sleep satisfaction may be a way to gage the discrepancy between actual sleep 

duration and ideal sleep duration to highlight sleep debt, as low satisfaction despite a 

sleep duration within recommended range for one’s age group may be due to greater 

sleep need for an individual. A study in adolescents found that sleep debt after a stressful 

life event was associated with more negative affect and less positive affect the following 

morning or greater “affective spillover” (Chue, Gunthert, Kim, Alfano, & Ruggiero, 

2018). The current study indicates that despite comparable sleep durations, the students 

are likely experiencing sleep debt that is influencing their emotion functioning.  

In the sample of participants not separated by class, associations between sleep 

and emotion functioning emerged. For emotion reactivity, there were significant 

relationships between sleep efficiency and sleep satisfaction, and a trend for objective 

sleep duration. As expected, better quality and longer duration of sleep was associated 

with lower emotion reactivity. For emotion regulation, more emotion regulation 
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difficulties were associated with lower sleep satisfaction and shorter sleep duration, with 

trends for objective sleep latency and efficiency, as well as subjective sleep duration 

during the week where more difficulties were associated with longer sleep latencies, 

lower sleep efficiency and shorter duration. These results support the previous literature 

that finds associations between sleep quality and duration and emotion functioning in 

children, adolescents and adults(Cote et al., 2019; Vriend et al., 2013; Baum et al., 2014; 

McMakin et al., 2016; Palmer et al., 2018; Reidy et al., 2016). Having associations with 

subjective emotion functioning and objective sleep measures lends some support to the 

role of sleep in emotion, instead of the association being potentially explained by another 

variable such as low life satisfaction or greater life complaints.  

What is the Association Between Sleep and Hormones or Pubertal Status? 

 When comparing the classes on pubertal status, for girls, Dissatisfied sleepers 

reported being further through puberty than Satisfied sleepers. Thus, girls further through 

puberty may not be meeting their sleep need. An association between pubertal 

development and sleep complaints is supported by Knutson (2005), who found the 

relationship in girls and not boys for more insomnia complaints and waking feeling tired, 

although not for reporting insufficient sleep on a yes or no response. It is possible that 

with a four-point scale in the current study, we were better able to measure the more 

subtle differences in sleep satisfaction. Another study found a link between sleep changes 

and pubertal timing in girls only (Foley et al., 2018). In their longitudinal study, they 

found that girls with later bedtimes and shorter sleep durations in childhood experienced 

earlier onset of secondary sex characteristics. The timing of puberty has been linked to 

the developmental decrease in delta power during slow-wave sleep (Campbell, Grimm, de 



CHAPTER 3: LUSTIG 

 

113 
 

Bie, & Feinberg, 2012). These studies highlight changes in sleep and sleep quality that 

occur during puberty that could have an impact on sleep satisfaction as puberty 

progresses. This interpretation is also supported by the correlations with puberty score 

that we found in the full sample, where in girls, being further through puberty was 

associated with shorter sleep duration and longer sleep latency, both of which may 

contribute to worse sleep satisfaction. In boys, puberty was also associated with shorter 

sleep duration and with less consistency in sleep periods. This inconsistency could be due 

to the circadian shift that occurs with puberty, particularly in boys, and staying up late on 

the weekends resulting in an inconsistent bedtime (Randler, 2011).  

Is there a Role for Pubertal Status in the Relationship between Sleep and Emotion 

Functioning? 

Next, we conducted correlations within each class between puberty score and 

emotion outcomes to determine if a combination of sleep and puberty status were 

associated with emotion outcomes. There was a significant correlation in the Dissatisfied 

sleeper group only, indicating that being further through puberty was associated with 

greater emotion regulation difficulties in the poor sleepers. When tested as a moderation 

model, only the interaction between Dissatisfied sleepers and puberty score in girls was a 

significant predictor of difficulties with emotion regulation. Simple slopes revealed that 

there was an effect of class at higher pubertal development scores. Due to issues with the 

measurement of progesterone in the current sample, we were unable to test the role of 

progesterone concentration in this relationship. This result is similar to our previous work 

in which sleep-restricted women in the luteal phase of the menstrual cycle with greater 

progesterone concentrations showed more neural reactivity to emotional images (Lustig 
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et al., 2018). Since poor sleep on its own is associated with poor emotion regulation, and 

higher levels of progesterone are also associated with greater emotion reactivity, together 

these conditions may interact to impact emotion regulation. Progesterone administration 

and being in the luteal phase has been associated with greater amygdala activation (Van 

Wingen et al., 2011; Van Wingen et al., 2008). This greater emotion reactivity may thus 

be exacerbated by poor sleep, which would also bias an individual towards greater 

reactivity and emotion regulation difficulties. As adolescence is a time that is associated 

with the development of emotion regulation (Ahmed, Bittencourt-Hewitt, & Sebastian, 

2015), the combination of poor sleep and hormonal fluctuations could have an important 

impact on the development of emotion regulation and reactivity. In a study by Forbes, 

Williamson, Ryan and Dahl (2004), girls with depression who were in mid-to-late puberty 

experienced greater negative affect than boys, girls without depression, or girls who had 

not yet undergone puberty, showing a potentially summative impact on affect. 

Adolescence has been shown to be a time for the onset of emotional disorders, especially 

in girls (Angold, Costello, Erkanli, & Worthman, 1995; Dahl, & Spear, 2004), which may 

be associated with white matter structure development (Ladouceur, Peper, Crone, & Dahl, 

2012). Due to the changes in sleep and emotion functioning during this time, it is likely 

that adolescence is an important window for setting up good sleep behaviours to assist 

with emotional development and protect against negative emotional outcomes.  

Limitations and Future Directions 

Due to the nature of correlational data in the current study, there are open 

questions about the direction of effects in the relationship between sleep and emotion. 

Additionally, as the questionnaire and actigraphy data were collected at different times, 
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there may be an effect of timing and separation of data collection on relationships 

between subjective and objective sleep data, and objective sleep data and pubertal status. 

As such, the relationships identified in this sample may therefore reflect one’s typical 

sleep behaviour, as opposed to the prior night’s sleep in particular. Since some measures 

were delivered based on convenience for the participating schools, there was some 

variability in time of day of measures taken between individual participants. Saliva 

measures also were taken from either the morning or afternoon session based on 

scheduling of the various schools. There is the possibility for a response bias in the 

current study in that the simple measures of subjective sleep and emotion were 

administered at the same time, possibly inflating their association. We think the findings 

cannot be completely attributed to any such inflation because the results were supported 

by associations with objective measures of sleep from actigraphy in the current sample. 

Future studies however could address this issue by implementing other objective 

measures. As this study had a correlational strategy, there is a potential for confounding 

variables, such as school setting, etc., to have impacted the results. Although Grade 9 was 

the only grade that was faced with a change in school setting, there may have been 

variability in school start times between different schools and this variation could be a 

potential confounding factor. Additionally, due to a high correlation between age and 

pubertal status, the effect of age driving the effect of puberty could not be ruled out. As 

such, there is a need for further experimental research in this population.   

 This study did not have a direct measure of sleep need, so although differences in 

sleep satisfaction may be reflective of differences in sleep need but not sleep duration, 

future research is needed to directly measure the role of sleep need and verify the role of 
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sleep satisfaction.  Additionally, as the question of sleep satisfaction from this study has 

not been previously validated, future research should investigate these questions with 

other measures of sleep satisfaction and subjective sleep assessment. Due to the length of 

the DERS scale for this population, only 4 of 36 questions were used from the scale; this 

combination of questions has not been previously externally validated. However, this 

simpler measure did relate to constructs as expected. 

To address some of the questions of causality, in-laboratory studies could be 

conducted to examine the role of sleep the night before on emotion functioning, and how 

daily fluctuations in sleep quality may contribute to next day functioning. This study did 

not find the expected relationships with hormone concentration and emotional 

functioning; however, issues with sampling time and methods may have masked effects. 

The question of the role of sex and stress hormone concentration in this association for 

children and adolescents should thus be followed up in future research. More research 

could additionally be done in boys during puberty, as greater effects with puberty may 

emerge at a greater age than the current sample. As well, as this report focused on cross-

sectional data, future research should focus on longitudinal data to determine cause and 

effect relationships between sleep and puberty. As actigraphy data was not collected with 

diary data, there could be some measurement error in timing of sleep and wake onset, and 

these associations with pubertal status should be investigated in future studies with 

concurrent diary collection. However, based on the high quality of individual watch data, 

we feel the actigraphy data is quite reliable. 
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Conclusions 

The current study contributes to the literature by exploring both subjective and 

objective measures of sleep in a large sample of children to investigate the association 

with emotion functioning. It also allows for the consideration of the role of puberty and 

development on this relationship. These results indicate that puberty may be a time period 

in which there can be a synergistic impact with poor sleep on emotion complaints, at least 

in girls, and may be an important intervention period for better sleep hygiene practices as 

these children also transition to later bedtimes and develop sleep habits in adolescence 

and adulthood. 
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Table 3-1.  

Number of participants by grade, age, and sex.  

Grade Boys Girls 

  n M Age n M Age 

3 1 8 3 8 

4 27 9.11 28 9.19 

5 25 10.08 24 10.25 

6 19 11.05 21 11.1 

7 25 12.16 17 12.06 

8 23 13.27 20 13.25 

9 9 14 14 14.14 

Total 129 11.25(1.686) 127 11.24(1.785) 
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Table 3-2. 

Correlations between objective and subjective sleep variables and emotion functioning. 

 

  

Difficulties with Emotion 

Regulation 

p-

value 

Emotion 

Reactivity 

p-

value 

Extent Bothered 0.323 <.001* 0.310 <.001* 

Sleep Duration During the Week (Subj) -0.129 0.061 -0.100 0.148 

Sleep Duration During the Weekend 

(Subj) -0.061 0.400 0.015 0.833 

Sleep Regularity Index (Obj) 0.037 0.740 -0.142 0.194 

Sleep Duration (Obj) -0.323 0.002* -0.198 0.056 

Sleep Efficiency -0.180 0.082 -0.211 0.041* 

Sleep Latency 0.196 0.059 0.029 0.783 
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Table 3-3. 

Hormone Concentrations by Class. 

  

 Satisfied 

(n)  Satisfied (M) 

 

Moderately 

 Satisfied 

(n) 

Moderately 

 Satisfied (M) 

  Dissatisfied 

(n) 

Dissatisfied 

(M) F(df) 

p-

value  

Cortisol 87 1.95(1.04) 69 1.88(.79) 63 2.00(.88) .310(2,216) 0.734 

Testosterone 49 70.70(35.62) 38 81.75(48.58) 28 72.78(37.78) .832(2,112) 0.438 
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Figure 3-1. Correlation between mean duration on the watches and difficulties with 

emotion regulation in the sample of children who wore the watches.  
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Figure 3-2. Correlation between pubertal development in girls and the mean sleep 

duration measured by actigraphy. 
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Figure 3-3. Correlation between pubertal development in boys and the Sleep Regularity 

Index. 
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Figure 3-4. Correlation between difficulties with emotion regulation and pubertal 

development in girls by class. 
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Supplementary Information 

 

To determine the number of groups that were best represented by the data, four 

criteria were considered: 1) the theoretical interpretability of the groups, 2) the Bayesian 

information criterion (BIC), such that successively smaller numbers with increasing 

number of groups indicate better fit of the data to the model), 3) the Lo-Mendell-Rubin-

adjusted likelihood ratio (LMR-LRT) test and the bootstrap loglikelihood ratio test 

(BLRT), with a significant p-value indicating that the estimated model provides a better 

fit to the data than the comparison model with one fewer groups, and 4) preferably that 

entropy (an index of separation between groups) is greater than .70 (Jung & Wickrama, 

2008).  

 

Table 1. Fit indices and classification precision indices for latent class models 

 
1 2 3 4 

BIC  4393.33 2472.7 2446.06 2454.28 

Entropy . 0.896 0.954 0.961 

Class >5% . Yes Yes No 

LMR-LRT . Sig Sig Nsig 

BLRT . Sig Sig Sig 

 

Jung, T, & Wickrama, K.A.S. (2008) An introduction to latent class growth analysis 

and growth mixture modeling. Soc Personal Psychol Compass, 2, 302–313. 

 

 



CHAPTER 3: LUSTIG 

 

131 
 

Additional Supplemental Analyses (Not in Publication) 

Analyses with Age 

 Likely due to a very high correlation between pubertal development and age, 

(boys: r = .593, p <.001, girls: r = .680, p <.001), controlling for age led to non-

significant results in puberty analyses. Analyses were thus conducted with age without 

puberty to identify any differences in patterns of results.  

 For girls, there was a significant effect of class membership on age (F(2, 103) = 

7.45, p = .001. Dissatisfied sleepers (M = 12.09, SD = 1.87) were older than Satisfied 

sleepers (M= 10.69, SD = 1.39). As well, Moderately Satisfied sleepers were older than 

Satisfied sleepers (M = 11.73, SD = 1.72).  

 There were also significant correlations in both boys and girls indicating that 

more advanced age was associated with worse sleep. In boys, age was associated with 

shorter objective sleep duration (r = -.520, p <.001) and less regularity (r = -.420, p = 

.004). In girls, age was associated with greater objective sleep latency (r = .530, p < 

.001), and feeling more bothered by their sleep (r = .246, p = .009). 

 Finally, in the regression analysis, the first step including the two dummy coded 

variables accounted for a significant portion of emotion regulation difficulties (R2 = .115, 

F(2,103) = 6.68, p = .002). An interaction term for each dummy coded variable and age 

in girls was entered on the second step and led to a significant change in R2 (R2 = .110, 

F(2,103 = 7.17, p = .01). There was a significant interaction between age and the dummy 

coded variables for Dissatisfied compared to Satisfied sleepers, (b= .343, t = 3.66, p 

<.001). In a separate analysis with Dissatisfied and Satisfied sleepers, simple slopes 

revealed a significant effect of class at high age (+1SD, b = .429, t(72) = 2.74, p = .008). 
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 As can be seen, analyses with age without puberty and analyses with puberty 

without age produce largely overlapping results and leave open questions about causality 

in the relationship. As well as pubertal development, there are likely other factors 

associated with aging in this population, including changes in lifestyle that could be 

additional factors that play a role in explaining this association. Considering previous 

literature on puberty and changes in sleep, there is likely a role for puberty, however, 

future longitudinal research and experimental studies are needed to tease apart the highly 

related roles of advancing age and pubertal development.  
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Chapter 4  

 The Role of Natural Sleep, Hormone Concentration, and Menstrual 

Phase in the Processing of Emotional Stimuli 
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Introduction 

 Sleep deprivation or restriction has been associated with deficits in the recognition 

and categorization of emotional stimuli (for review see Cote et al. 2019; Killgore, Balkin, 

Yarnell, & Capaldi II, 2017; Lustig et al., 2018; Cote et al., 2013; Beattie et al., 2015; 

Van der Helm, 2010). However, despite performing worse on emotion categorization, 

sleep loss has also been associated with increased attention or attention capture towards 

potentially threatening or negative stimuli, as evidenced by higher intensity ratings 

(Tempesta, et al., 2010; Tempesta et al., 2015), larger N170 and LPP amplitudes towards 

angry and fearful expressions or threatening images (Cote et al., 2013; Cote et al., 2015), 

and greater amygdala reactivity in imaging studies (Yoo et al., 2007; Motomura et al., 

2013; Gujar, Yoo, Hu, and Walker, 2011). Similarly, the tendencies towards a negative 

bias have also been found when investigating naturally occurring short sleep duration and 

poor sleep quality (Nota & Coles, 2018; Guadagni et al., 2018; O’Leary, Small, Panaite, 

Bylsma & Rottenburg, 2017). It has been proposed that the changes in attention for 

threatening stimuli after poor sleep is due to changes in amygdala activation and changes 

in functional connectivity between the amygdala and regulatory regions (Yoo et al., 2007; 

Motomura et al., 2013; Motomura et al., 2017). The increased processing and attention 

towards threatening stimuli could be an adaptive shift after sleep deprivation when 

attentional resources are challenged.  

 The degree of response to sleep loss has been shown across several studies to be 

trait-like, and candidate predictors have been proposed, but little research has been 

conducted into predictors of deficits in emotion processing (Goel & Dinges, 2012; Chua, 

et al., 2014a; Van Dongen, Baynard, Maislin, & Dinges, 2004). Of particular interest for 
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the current study was understanding predictors of the increased response to threatening 

stimuli after poor sleep. Due to their association with emotion processing under well-

rested conditions, hormones could serve as a candidate for predicting increased response 

to threat after sleep loss. The current study focused on the relationship between sleep and 

cortisol, progesterone, and testosterone, due to their associations with emotion processing 

in well-rested individuals. 

 Cortisol has been associated with increased attention towards negative stimuli as 

evidenced in behavioural studies (Schutebraucks et al., 2016; Putman, Hermans, & van 

Honk, 2007; Wirkner et al., 2019), and by increased reactivity of emotion processing 

regions such as the amygdala to negative emotions (Rampino et al., 2019; Peters et al., 

2016). This increased attention towards threatening stimuli with high cortisol may be 

adaptive to allow for the handling of immediate stressors due to the role of cortisol as a 

stress hormone. Similarly, both testosterone and progesterone have also been implicated 

in the processing of threatening stimuli. Testosterone concentration has been associated 

with greater amygdala activity for threatening stimuli (Van Wingen, 2011; Hermans, 

Ramsey, & Honk, 2007; Derntl et al., 2009). For testosterone, the bias towards threat may 

be adaptive for establishment of dominance and dealing with social threats (Radke et al., 

2015; Volman et al., 2011). High concentrations of progesterone or being in the luteal 

phase of the menstrual cycle, has been associated with overall worse categorization 

accuracy on emotional faces (Derntl et al., 2008; 2013). Additionally, high concentration 

of progesterone has been associated with greater tendency to mistake expressions for 

those that are threatening in nature, or rate them as more intense (Derntl et al., 2008; 

Conway et al., 2007). Authors have proposed that this shift in bias towards viewing an 
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emotional stimulus as threatening occurs due to the role of progesterone during the luteal 

phase in pregnancy preparation and that for protection of a potential pregnancy it is 

beneficial to reduce the threshold for determining threat. 

 In a previous study in our laboratory, we investigated the interaction of sleep loss 

and hormones in a 4-hour sleep restriction protocol (Lustig et al., 2018). Lower 

concentrations of testosterone after sleep restriction were associated with a lower 

likelihood to rate an emotional image as positive, and a smaller Late Positive Potential 

(LPP) to positive images (i.e., less sustained attention towards) compared to well-rested 

controls. Additionally, lower baseline testosterone was associated with worse fearful face 

categorization accuracy after sleep restriction. Progesterone during the luteal phase of the 

menstrual cycle was associated with worse accuracy to sad faces after sleep restriction 

compared to controls and a higher tendency to rate images as negative. Additionally, for 

women in the luteal phase of the menstrual cycle, progesterone was associated with 

greater attention capture to emotional stimuli reflected in a larger N170 and LPP 

amplitude. Taken together, these results indicate that the impact of hormone 

concentration and sleep loss on the processing of emotional stimuli appear to interact. 

High levels of progesterone were associated with a negative bias and greater neural 

reactivity towards emotional stimuli when also combined with sleep restriction. In men, 

low levels of testosterone were associated with worse emotion categorization 

performance when combined with poor sleep, but not the bias or increased attention 

towards threatening images that may have been anticipated with higher levels of 

testosterone. Investigation of the role of hormones may aid in the elucidation of the 
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factors contributing to negativity biases and increases in emotional reactivity that are seen 

after insufficient sleep.  

 In the current study, we aimed to investigate the interaction of sleep, hormone 

concentration, and menstrual phase on the processing of emotional stimuli in a sample 

that varied naturalistically in sleep. Of central interest was investigating the combination 

of these factors in the processing and categorization of threatening stimuli, due to the 

associations between each of these factors and threat processing on their own. Several of 

the tasks designed in the current study targeted threat detection to determine whether 

under the combination of high cortisol, testosterone, or progesterone and insufficient 

sleep, the processing of threatening stimuli may be increased, as evidenced by greater 

reactivity towards threatening stimuli or emotions. These deficits in emotion could 

include worse behavioural performance and emotional categorization, a greater bias for 

detecting threat, or larger amplitude ERP components towards threatening emotions. The 

current study investigated the association between sleep and the processing of emotional 

stimuli under natural sleep conditions, while much of the background literature has 

implemented sleep manipulations of either sleep deprivation, or multiple nights of sleep 

restriction. In this study we expected that poor sleep would be associated with poor 

behavioural performance and greater attention towards threatening emotions. We 

predicted that being in the luteal phase of the menstrual cycle, or having greater 

progesterone, testosterone, or cortisol concentration, would be associated with worse 

behavioural performance on emotion categorization and greater attention towards 

potentially threatening stimuli. As well, consistent with past literature, we predicted main 

effects of both hormones and sleep factors on emotion processing, such that higher 
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concentrations of hormones and worse sleep would be associated with greater attention 

towards threatening stimuli.   

Methods 

Participants 

 Ethics clearance was obtained through institutional ethics review. Participants 

were recruited through posters, classroom visits, campus recruitment booths, and the 

Psychology department participant recruitment website. In total, 76 participants attended 

the orientation and completed informed consent, of these 11 withdrew and 3 were 

excluded (one for having braids that would not fit under the electrode cap, one for 

repeated use of sleeping pills, and one for reporting a head injury on screening 

questionnaires). The final sample consisted of 62 participants (20 women run in follicular 

and then luteal phase, 21 women run in luteal and then follicular phase, 20 men, 1 woman 

with unclear phase). 

 Participants met eligibility criteria of being between the ages of 17-30, normal 

hearing and vision, fluency in English, no smoking and minimal use of caffeine, alcohol, 

medications and drugs, relatively good sleep from 6-10 hours between the hours of 9pm 

and 10am, no evidence of sleep disorders, no travel over time zones in the past three 

months, no recent shiftwork, good health, no psychiatric diagnoses, and no head injuries. 

Women reported a typically regular menstrual cycle and no use of hormonal birth control.  

Menstrual Phase Classification 

 Phases were initially determined through self-report of last menstrual onset and 

typical cycle length; days 1-14 were considered the Follicular phase, while 15-28 were 

considered the Luteal phase. Efforts were made where possible to avoid the beginning of 
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the follicular phase due to low hormone concentrations during menstruation. To confirm 

phases, participants were also given ovulation prediction kits to complete at home if their 

ovulation date might have occurred within the study (Artron Laboratories, Inc, Burnaby). 

Participants were asked to complete ovulation tests for up to an 11-day window 

(determined by backwards counting 9 to 19 days from the next predicted menstrual onset) 

until a positive test was received (as recommended by Blake, Dixson, O’Dean, and 

Denson, 2016). Ovulation, and the last day of the follicular phase, was assumed to occur 

on the day following a positive ovulation test. On average, women were tested in the 

study on day 9 of their cycle for the follicular phase (range= 3- 14), and day 22 for the 

luteal phase (range = 10 – 30). Of 41 women in the study, 21 reported a positive 

ovulation test, and on average, their predicted ovulation date based on ovulation tests was 

cycle day 15. Wherever possible, study testing was avoided on the cusps between phases 

to allow more confidence in phase classification. Negative ovulation tests could indicate 

possible anovulatory cycles, which is possible in this young sample, and a potential for a 

younger gynecological age, as previous research has suggested that all cycles are not 

ovulatory until 8-12 years post menarche (Vihko & Apter, 1984). It is also possible that 

participants had their LH surge outside of the testing window, between tests, misread the 

tests, or did not complete the tests as instructed. To determine the transition from the 

luteal phase to the follicular phase, participants were also asked to report the onset of 

menstruation if it fell within the duration of the study.  

Materials 

Performance Tasks 
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 Participants completed a battery containing multiple tasks that focused on 

emotion processing and threat detection. For each participant, response keys were 

counterbalanced. Despite this, the numbers coinciding to each emotion were consistent 

within a participant for the duration of the study. Each task was preceded by task 

instructions and several practice trials. The tasks in the battery appeared in a fixed order 

as follows: 

Alpha Attenuation task. EEG was recorded during alternating periods of eyes-

open and eyes-closed conditions (each lasting 30 seconds in duration) for a total of three 

segments each of eyes open or closed as a measure of physiological alertness (Stampi, 

Stone, & Michimori, 1995). The results are not reported here. 

Morph task. Using 16 distinct identities from the NimStim database (Tottenham 

et al., 2009), each trial began with a variable fixation cross between 500-800 ms followed 

by a neutral face that then morphed to either angry, sad, happy or fearful. The morph 

increased in emotion intensity by 2% every 200 ms, for a total trial length of 10 seconds 

and 128 total trials (32 per emotion). The participant was instructed to respond by 

pressing the space bar as soon as they recognized which emotion was emerging, while a 

timer counting down from 10 seconds inched across the bottom of the screen. Upon 

response, they saw a prompt screen that asked them to categorize the emotion of the face 

with the number keys. This task measured the threshold necessary for an individual to be 

able to categorize the valence of the emotional expression by considering the average 

frame they chose to stop the morphing image for each emotion as well as accuracy in 

categorization.  



CHAPTER 4: LUSTIG 

 

141 
 

Reaction time. Participants were asked to respond to a 70 dB (1000 Hz, 50 ms) 

tone as quickly and accurately as possible using the “zero” key on the keypad. The ITI 

was random between 2-10 seconds. This task measured vigilance and yielded variables 

for mean RT and variability in RT. The results are not reported here. 

Visual Search task. This task was modelled after a task created by Pitica, Susa, 

Benga, and Miclea (2012), and used 18 unique identities from the NimStim database 

(Tottenham et al., 2009). Following a variable fixation from 500-800 ms, nine faces were 

presented in an array until the participant responded. Either all faces were showing the 

same emotional expression (angry, sad, neutral), or one face was showing a different 

emotion than the other eight faces. Participants were instructed to indicate if the faces 

were all the same or if one face was different (using the left and right arrow keys) for 162 

total trials. Each of the nine possible combinations of emotions was repeated 18 times at 

random. This task measured how rapidly participants could detect a face of various 

emotions when it was showing a different emotion than the distractor stimuli.  

Gaze Cueing. This task was modelled after a gaze cueing task used by Wolohan. 

Bennett, and Crawford (2013), and used 20 faces from the Radboud Faces database 

(Langner, Dotsch, Bijistra, Wigboldus, Hawk, & van Knippenberg, 2010). Following a 

variable fixation of 500-800 ms, participants were presented with a neutral face gazing 

forwards for 500 ms and then a face of the same identity looking to the left or right and 

displaying an emotion (happy, angry, fear, disgust, neutral, sad) for a variable length 

from 300-700 ms. A green circular target appeared on either the left or right side of the 

face, was equally likely to be congruent or incongruent with the eye gaze and was present 

with the face for 1000 ms. The participant was instructed to respond as quickly as 
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possible indicating whether the target was on the left or right of the face before the next 

trial began (using the left and right arrow keys). There were 480 total trials, with 12 

conditions (both congruent and incongruent trials for each of the six emotions). This task 

measured the interference caused by incongruent gaze and cue compared to the benefit of 

congruency for each of the emotions. The main outcome variable was the reaction time 

cost of incongruency, measured as the reaction time difference between incongruent and 

congruent trials per emotion type. A greater reaction time difference was evidence of 

greater attention towards the emotional stimuli leading to a greater reaction time cost 

when eye gaze and target location were not congruent. 

Crowd Task. This task was modelled after a task used by Yang, Yoon, Chong, 

and Oh (2013), and used 30 unique identities from the Karolinksa Directed Emotional 

Faces database (Lundqvist, Flykt, & Ohman, 1998). After a variable fixation from 500- 

800 ms, eight faces displaying one of two emotions were presented in a circle. Faces were 

presented in three blocks (happy and sad, happy and angry, & happy and fear), in 

different ratios of the emotions (2:6 – 6:2) for a total of 15 conditions each presented 10 

times for 150 trials per emotion comparison, and 450 total trials. Participants were 

instructed to indicate the predominant emotion of the crowd by pressing the number key 

associated with that emotion.  

This task measured the point of subjective equality and bias towards certain 

emotions. For instance, a negative bias would indicate less negative faces are needed for 

the participant to report the overall feeling of the crowd as negative. This data was 

analyzed based on Yang et al’s (2012) paper, where the proportion of negative responses 

(i.e., sad, angry, fear) was plotted against the different face ratios. The data was then fit 
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with a cumulative Gaussian function and the point of subjective equality and standard 

deviation were calculated. The point of subjective equality was taken from the value at 

which the participant reported 50% of the faces were negative, and the corresponding 

valence ratio from where that point would intersect with the line for the model fit. Any 

value less than 0.5 indicates that the participant needed less than half of the faces to be 

negative for them to say the array was negative and is thus considered a negative bias. 

This model was calculated for all three emotions. Several participants were removed for 

very poor model fits based on visual inspection (2 participants for one emotion at Session 

2) or for very large mean fits or standard deviations of fits (>100) (2 participants for fear 

mean fit, 5 for fear SD, 1 for sad mean fit, 5 for sad SD, 1 for angry mean fit, 2 for angry 

SD). See Appendix A- Figure 1 for model curves by participant and session. 

Aggression Rating Task. Following a 500- 800 ms variable fixation, the faces of 

45 males displaying neutral expressions were displayed on the screen until the participant 

responded for a total of 90 trials. Participants were instructed to rate how aggressive the 

faces were on a 7-point scale using the keyboard keys 1-7 where 1 = not at all aggressive 

and 7 = very aggressive. (MacDonell, Geniole, & McCormick, 2018). Results from this 

task will not be reported here. 

Oddball. This task used faces from the Karolinska Directed Emotional Faces 

database (Lundqvist, Flykt, & Ohman, 1998). After a 500-800 ms fixation, emotional 

faces (disgust, fearful, happy, neutral, angry, and sad) were presented at random for 500 

ms. Participants were then given 1500 ms to respond to targets before the next stimulus 

with a button press of the number keys (2 for sad, 4 for angry). Participants were told 

only to respond to the target stimuli of angry and sad faces, and to not respond to other 
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emotional faces. Target stimuli were present on 25% of the 320 trials, with the remaining 

240 trials consisting of the other emotions. This task measured the detection of target 

emotions of different types of negative valence.  

Threat Detection.  The images from this task were from the International 

Affective Picture System (Lang et al., 2005), and the task was modified from a task used 

by Rosales-Lagarde, et al., 2012). Each trial began with a variable fixation red or white 

crosshair of 2000-2500 ms that was accompanied by a gun cocking sound. A red 

crosshair indicated that the next image would contain some level of threat, while a white 

crosshair indicated that the next image could be safe or threatening. After this fixation, 60 

images of scenes were presented one at a time on the screen for 700 ms and the next trial 

did not start until the participant responded. The images could contain some level of 

threat to the viewer (20), another person in the scene (20), or be non-threatening (20). 

Participants were instructed to imagine themselves in the scene holding a gun, and judge 

whether to shoot or pass (response keys were the left and right arrow keys). If the 

participant chose to shoot, a gunshot noise played. This task measured threat judgement 

and yielded a measure of overall shoot percentages.   

Questionnaires 

Screening and Intake. During orientation, a questionnaire was administered on 

Qualtrics that collected general demographic information, such as age, napping 

frequency, year in university, fatigue and substance use. It also included a health 

screening for disorders that affect sleep quality. It was mainly used for screening of drug 

use, medical concerns or excessive sleepiness to determine participant eligibility. Female 

participants completed a menstrual cycle questionnaire to determine menstrual phase that 
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contained questions about typical cycle length and last onset of menses (Driver & Baker, 

1998).  

Sleep Questionnaires. The participants completed the Pittsburgh Sleep Quality 

Index which is a measure of sleep quality over the past month and contains seven 

individual components that can be combined to produce a global score, with higher 

scores representing greater dysfunction (Buysse, Reynolds, Monk, Berman, & Kupfer, 

1989). The 19-item questionnaire contains the following components: sleep quality, sleep 

latency, sleep duration, sleep efficiency, sleep disturbance, sleep medication and daytime 

sleep dysfunction. Participants also completed the Horne-Ostberg Morningness-

Eveningness Scale which assesses the degree to which one is a morning or evening 

chronotype (Horne, & Ostberg, 1976). Between study days, participants completed a 

sleep diary where they reported their bedtime and wake up time and rated the quality of 

their sleep. During the main study days, participants gave measures of their current 

subjective sleepiness using the Stanford Sleepiness Scale (Hoddes, Zarcone, Smythe, 

Phillips, & Dement, 1973).  

Emotion Questionnaires. These questionnaires were collected as trait measures of 

emotion functioning and aggression, but results will not be reported here. Participants 

completed a battery of emotion questionnaires including the Depression Anxiety Stress 

Scales (Lovibond & Lovibond, 1995). This questionnaire measures the negative 

emotional states of depression, anxiety and stress and provides a score for each of these 

subscales. Participants respond based on the frequency of each state over the previous 

week. Participants also completed the Emotion Regulation Questionnaire (Gross & John, 

2003). This questionnaire assesses the extent participants use reappraisal strategies 



CHAPTER 4: LUSTIG 

 

146 
 

compared to emotional suppression. Participants also completed the Interpersonal 

Reactivity Index, which is a self-report measurement of empathy (Davis, 1980). The 

Buss-Perry Aggression Questionnaire was administered, which measures interpersonal 

aggression (Buss & Perry, 1992). For the State Trait Anxiety Inventory, the trait 

measurement was completed at the orientation session, while the state inventory was 

completed at each in lab session (Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983). 

Finally, the Positive and Negative Affect Schedule where the participant rates the extent 

to which they are currently feeling each emotion and was administered at the onset of 

both testing days (Watson, Clark, & Tellegan, 1988). 

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 during online 

recording.  

Procedure 

 After expressing interest in the study, participants were given a brief telephone 

screening interview to determine if they were eligible for the study. If eligible, 

participants were scheduled for an hour and a half orientation session where they 

completed informed consent, online questionnaires on Qualtrics (see Questionnaires), a 

paper questionnaire on their menstrual cycle, and a brief practice battery of all 

performance tasks to allow the opportunity for questions and to reduce the impact of 
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learning on the main study days. At the orientation, the dates for testing women were 

scheduled based on the phase classifications after the menstrual cycle questionnaire. Men 

were scheduled to return to the lab twice, approximately two weeks apart. Participants 

were then provided with a take-home kit, containing instructions for their study days, an 

Actigraph watch (Phillips Respironics), and ovulation tests (if needed).  

 Between the orientation and the first study day, a minimum of 6 days, participants 

were instructed to wear their actigraphy watch, and to complete online sleep diaries each 

morning through a link provided to them via email. Reminders were sent if participants 

did not complete their diaries for several days. Participants also completed diaries 

between the two study days. Participants completed an average of 11 total diaries (or on 

71.67% of days considering the 7 days prior to each study day and the study day, a 

possible 16 days), with 6 days in the week prior to Week 1 (76.61% of possible days), 

and 5 days in the week prior to Week 2 (on 66.73% of possible days) on average. 

Participants wore the watch on average for 13 days (or on 82.66% of days considering the 

7 days prior to each study day and the study day, a possible 16 days), with 7 days in the 

week prior to Week 1 (on 83.27% of possible days), and 6 days in the week prior to 

Week 2 (on 83.27% of possible days) on average. See Figure 1 for study design.  

 

Figure 4-1. Study timeline.  

 Each of the two main testing days was identical but were scheduled in different 

menstrual phases for women or two weeks apart for men. On average, the time between 
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test days was 14.6 days (men M = 14.55, follicular-luteal M = 13.65, luteal-follicular M = 

15.83). Participants came to the lab at 1pm, and immediately provided a 3 mL saliva 

sample. After the sample, participants were fitted with a 64-channel electrode cap. Just 

before 2 pm, participants completed another saliva sample, completed the PANAS and 

STAI-State questionnaires on paper, and began the task battery outlined below (See Table 

1). 

 

Table 4-1  

Task Battery 

Task Description Length Time 

Elapsed 

Stanford 

Sleepiness Scale 

Subjective sleepiness 1 1 

Visual Analogue 

Scale 

Positive and negative affect 1 2 

Alpha Attenuation 

Task 

Physiological alertness 6 8 

Morph Task Emotion categorization threshold 18 26 

Reaction Time 

Task 

Reaction Time 6 32 

Visual Search 

Task 

Measures bias in search times between 

emotions, and differences in salience 

21 53 

NASA Effort Task Effort 2 55 

BREAK  10 65 

Gaze Cueing Task Measures interference from different 

emotions 

21 86 

Time Estimation 

Task 

Effect of Sleep Deprivation/Physiological 

Alertness 

10 86 

Crowd Task Measures bias in subjective equality 16 102 

Elliot’s 

Aggression Task 

Ratings of aggression 6 108 

Oddball Task Rapid detection of target stimuli 14 122 

Threat Detection Judgement of threat 7 129 

Stanford 

Sleepiness Scale 

Subjective sleepiness 1 130 

Visual Analogue 

Scale 

Positive and negative affect 1 131 
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 During the break around 3 pm, and at the conclusion of the study, participants 

completed a third and fourth saliva sample. Participants were debriefed, compensated 

with course credit or $50, and left the laboratory at approximately 4:30 pm.  

Data Analysis 

Actigraphy. Actigraphy was recorded using an Actiwatch Spectrum Plus (Phillips 

Respironics, Murrysville, PA). Epoch length was set to 30 seconds, and watches were 

analyzed in Actiware software. Adjustments were made to files based on participant diary 

data if it was plausible that the participant was stationary but not asleep or if there was 

another sleep period following an arousal. Summary data of each participant was 

exported to use in analysis, but continuous epoch-by-epoch data was used for calculation 

of the Sleep Regularity Index (Phillips, et al., 2017). This measure calculates the 

probability an individual is in the same state of sleep or wake across 24-hour periods. 

This measure identifies the consistency of sleep schedules over time, and is a metric of 

circadian timing, which could be a predictor of performance. This measure was 

calculated separately for the 10 days (if available) before each in-lab testing session 

starting from 5pm 10 days before until 12pm on the study day to ensure enough days 

included for a reliable measure. Periods of off-wrist were considered invalid epochs, and 

the number of valid epochs had to add up to over 4 days for the participant to be included 

in the analysis to avoid the artificial inflation of the Sleep Regularity Index.                                                   

Electrophysiology. In this study, we focused on ERPs as neural measures of information 

processing for three tasks: Gaze Cueing, Threat Detection, and Oddball tasks. Recordings 

for each task were submitted to a preprocessing pipeline using EEGLAB and were 

filtered from 1-50 Hz (for the Gaze Cueing task), or .1-50 Hz (for the Threat Detection 
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and Oddball task) and re-referenced to the average (Delorme & Makeig, 2004). Before 

Independent Components Analysis (ICA), bad channels were flagged based on having 

low correlations with nearby channels for more than 10% of the time. ICA was used for 

artifact rejection, with bad time periods flagged if 10% of  the components had values 

falling outside their 99% confidence interval or if the channel was bridged to a neighbour 

as evidenced by a high correlation (see Desjardins & Segalowitz, 2013; van Noordt, 

Desjardins & Segalowitz, 2015 for more detail). Components were classified using 

ICLabel (Pion-Tonachini, Kreutz-Delgado, & Makeig, 2019) to determine the likelihood 

they came from a cortical source. Those confidently produced by eye, muscle, channel 

noise, and heart were automatically removed. Continuous data was then manually 

checked for components containing artifact, taking into consideration the effect of 

component removal on the raw EEG, topography of the component, and frequency 

distribution of the component. Missing channels were then interpolated back to the scalp 

and data re-referenced to the average before segmentation around task events. 

EEG was then segmented around task events from -600 to 1200 ms for the gaze 

cueing task, with a baseline correction from -200 to 0 ms. For the N170 component, the 

maximum negative value was extracted between 150 and 250 ms at PO8. For the oddball, 

epoch length was set to -500 to 2000 ms with a baseline correction from -200 to 0 ms. 

The N170 component was extracted as the maximum negative value between 150 to 215 

ms for correct trials only at PO8. For the P300, the mean amplitude between 400 and 800 

ms was extracted for correct trials only at Pz. Participants were excluded for having a low 

number of trials or having unclear peaks or messy data in their individual average (13 

participants for the Oddball N170 on Day 1, 14 participants for Day 2, 11 for the P300 on 
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Day 1, 14 participants on Day 2, and 10 for the N170 on the Gaze Cue on Day 1, and 14 

on Day 2). For the Oddball, the average number of trials remaining was 22 for angry, 33 

for disgust, 43 for fear, 50 for happy, 46 for neutral and 23 for sad across the two 

assessment days. For the gaze cue, after trial rejection, there were 72 average trials for 

each emotion.   

Finally, for the Threat Detection task, the epoch length was -2000 to 3000 ms 

with a -1000 to 0 ms baseline. For this task, an ERSP (Event-Related Spectral 

Perturbation) was calculated using the newtimef function in EEGLAB (Delorme & 

Makeig, 2004). From the ERSP, the average power in the alpha band (8-12 Hz) was 

computed from 511-2000 ms to avoid the response to the cue itself for Pz and P4. Pz and 

P4 were selected based on higher levels of alpha at the posterior of the head and based on 

effects seen on the topographies (See Figure 6 in Appendix A).  In the waking state, alpha 

EEG is typically generated when relaxed with eyes closed; it is diminished or blocked 

with stimulus input when eyes are opened or with a mental task (as reviewed in Cooper, 

Croft, Dominey, Burgess, & Gruzelier, 2003). However, other research has implicated 

alpha synchronization in blocking external sensory input during tasks of internal attention 

(Cooper et al., 2003). For the Threat Detection, there was an average of 16 trials in the 

threat cue condition and 33 in the unsure cue condition. See Appendix A for ERP results 

by session and emotion, and ERP figures. 

Hormone Analysis. Saliva samples were collected at 2 pm and 4:30 pm by passive 

drooling in a 3 mL tube on each study day. Saliva samples were then stored in a freezer at 

-20 degrees Celsius after collection and then sent to the Kirschbaum lab at Technical 

University of Dresden for analyses. Progesterone, cortisol, DHEA-S, and testosterone 
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were quantified using liquid chromatography coupled with tandem mass spectrometry 

(LCMS) following the protocol outlined in a paper by Gao, Stalder and Kirschbaum 

(2015).  

Statistical Analysis. Variables were checked for outliers and normality, and outliers were 

removed if they had a value greater than 3 SD from the mean, and variables violating 

normality were transformed. Means and data in figures are presented in non-transformed 

variables. One participant was removed each for analysis for the morph task and visual 

search for being greater than 3 SD from the mean, and 2 participants were removed from 

the crowd task. For hormones, 2 participants were removed as cortisol outliers.  

To reduce the number of sleep variables, and produce sleep-related profiles, sleep 

variables were combined into several composites based on high correlations between 

variables, and then standardized and averaged. This strategy created 3 sleep composite 

variables: average duration in the week before each study day (average duration pre study 

days based on watch and diary, mean correlation between variables = .523), duration on 

the night before the lab visit (composed of watch and diary duration, mean correlation 

between variables = .449), and sleep quality (composed of average quality from diary 

values the week before and night before each lab visit, mean correlation between 

variables = . 574). Composite variables were also created for the Visual Search task due 

to the number of conditions, and highly correlated variables were standardized and 

averaged. This method resulted in 3 composite variables: angry accuracy (composed of 

accuracy to angry pop-out trials and full angry arrays), sad accuracy (composed of 

accuracy to sad pop-out trials and full sad arrays) and reaction time (composed of 

reaction time to all trial types). The other Visual Search variables were not highly 
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correlated and so kept separate. Finally, composites were created for testosterone and 

progesterone within each day due to high correlations between the 2:00 pm and 4:30 pm 

measurement; as the two cortisol measurements were not highly correlated within a day; 

they were kept separate for analyses.  

 Moderation analyses were conducted with sleep as the predictor variable, 

hormone concentration as the moderator, and each emotion variable as the outcome for 

the appropriate testing day (See Appendix B for table of predictors, moderators and 

outcome variables by task). Moderation analyses were conducted using Process v3.4.1 

(Andrew Hayes) in SPSS version 25, and all significant models were followed up and 

cases were removed if Cook’s distance was greater than 0.5; violations to normality or 

heteroscedasticity were adjusted for in Process using bootstrapping and the Cribari-Neto 

correction for heteroscedasticity. Models including progesterone concentration were also 

checked with phase order as a covariate, and cortisol models were checked with sex as a 

covariate. 

 

 

Figure 4-2. Moderation model. 
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Results 

 

Moderating Role of Hormone Concentration on the Association between Sleep and 

Emotion 

  Cortisol, testosterone and progesterone were tested as moderators in the 

relationship between sleep predictor variables and emotional outcomes. See Table 2 for 

significant models, and descriptions below for simple effects analyses, plots and 

interpretations of each model. These analyses were conducted to investigate the central 

question of this study, whether hormone concentration plays a role in the relationship 

between sleep and emotion functioning.  
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Table 4-2 

Significant Moderation Models 

 

 

 

 

 

Model Number Predictor Moderator Emotion Outcome Model F df p R² Interaction B Interaction t Interaction p Interaction R²

1 Sleep Quality (Diaries) Post Battery Cortisol (Day1) Gaze Cueing Disgust Cost 3.22 3,56 0.029 0.229 -31.38 2.33 0.024 0.121

2 Sleep Quality (PSQI) Post Battery Cortisol (Day2) Gaze Cueing Neutral Cost 2.82 3,53 0.048 0.138 -18.76 -2.55 0.014 0.106

3 Sleep Regularity Pre Battery Cortsiol (Day1) Gaze Cueing Happy Cost 5.86 3,43 0.002 0.254 5.07 2.56 0.014 0.128

4 Sleep Regularity Post Battery Cortisol (Day2) Oddball Fear Accuracy 2.98 3,43 0.042 0.177 0.0413 2.69 0.010 0.175

5 Sleep Regularity Post Battery Cortisol (Day2) Visual Search All Neutral Array Accuracy 3.83 3,42 0.016 0.184 0.011 2.45 0.018 0.138

6 Sleep Regularity Post Battery Cortisol (Day2) Visual Search Angry Accuracy 6.28 3,42 0.001 0.136 0.1692 3.51 0.001 0.136

7 Sleep Regularity Post Battery Cortisol (Day2) Visual Search Reaction Time 3.31 3,42 0.029 0.302 -0.228 -2.21 0.032 0.138

8 Sleep Duration Testosterone (Day1) Crowd Task Fear Point of Subjective Equality 8.29 3,15 0.002 0.462 4.03 3.97 0.001 0.238

9 Sleep Duration Testosterone (Day2) Gaze Cueing Fear Cost 6.80 3,16 0.004 0.380 -113.03 -2.28 0.014 0.169

10 Sleep Duration Testosterone (Day1) Oddball Sad P300 Amplitude 12.44 3,9 0.002 0.840 60.65 4.45 0.002 0.774

11 Sleep Quality (Diaries) Testosterone (Day2) Oddball Disgust N170 Amplitude 16.66 3,11 <.001 0.668 -19.07 -4.99 0.004 0.369

12 Sleep Quality (Diaries) Testosterone (Day2) Oddball Neutral N170 Amplitude 19.11 3,12 <.001 0.523 -16.29 -5.47 <.001 0.289

13 Sleep Qualiity (Diaries) Testosterone(Day2) Oddball Fearful N170 Amplitude 4.36 3,12 0.027 0.480 -15.66 -2.53 0.027 0.191

14 Sleep Quality (Diaries) Luteal Progesterone Morph Fear Accuracy 3.17 3,36 0.036 0.324 0.1201 2.18 0.036 0.124

15 Sleep Quality (PSQI) Luteal Progesterone Morph Fear Accuracy 3.66 3,35 0.022 0.362 0.0437 -2.48 0.018 0.362

16 Sleep Duration Luteal Progesterone Morph Angry Accuracy 7.27 3,36 0.001 0.243 0.0816 2.26 0.029 0.073

17 Sleep Quality (Diaries) Follicular Progesterone Gaze Cueing Neutral Cost 5.34 3,37 <.001 0.302 -53.88 -3.70 0.001 0.258

18 Sleep Quality (PSQI) Follicular Progesterone Gaze Cueing Neutral Cost 4.60 3,35 0.008 0.249 20.29 2.47 0.018 0.153

19 Sleep Regularity Follicular Progesterone Visual Search All Neutral Array Accuracy 4.20 3,25 0.015 0.372 0.0419 2.83 0.009 0.267

20 Sleep Quality (PSQI) Follicular Progesterone Oddball Angry N170 Amplitude 3.40 3,25 0.033 0.294 -3.91 -2.10 0.046 0.159

21 Sleep Quality (PSQI) Follicular Progesterone Oddball Fearful N170 Amplitude 9.93 3,25 <.001 0.434 -4.22 -2.31 0.030 0.183

22 Sleep Quality (PSQI) Follicular Progesterone Oddball Sad N170 Amplitude 8.05 3,25 0.001 0.352 -3.67 -2.76 0.011 0.183
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Cortisol 

 Analyses with cortisol were conducted in both sexes due to there only being a sex 

difference at the 2 pm time point on the first study day (Women: M = 1.84, SD = .97; 

Men: M = 2.77, SD = 1.46; t(58) = 2.98, p = .004), but not on the three other measured 

timepoints. However, significant models were tested with sex as a covariate as well. 

 Gaze Cueing. For model 1, simple effects analyses revealed a significant slope at 

high levels of cortisol (B = -17.35, t = -3.07, p = .003), where poorer sleep quality was 

associated with a larger reaction time cost of incongruency, and thus greater attention 

towards disgusted faces at high levels of cortisol (see Figure 3).  

 

.  

Figure 4-3. Significant moderating effect of high levels of cortisol on Day 1 on the 

relationship between sleep quality on diaries and the cost on the gaze cue task for disgust 

faces. Poor sleep quality and high concentrations of cortisol were associated with a 

greater cost to disgust faces.  

 

For model 2, simple effects analyses revealed a significant slope at high levels of 

cortisol (B = -6.44, t = -2.39, p = .020), where poorer sleep quality was associated with a 
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smaller cost to neutral faces at high levels of cortisol (as evidenced by higher Global 

scores; see Figure 4). Thus, individuals with poor sleep and high cortisol showed less 

attention towards neutral faces. 

 
Figure 4-4. Significant moderating effect of high levels of cortisol on Day 2 on the 

relationship between sleep quality on PSQI and the cost on the gaze cue task for neutral 

faces. Poor sleep quality and high concentrations of cortisol were associated with a 

smaller cost to neutral faces. Note: high values on the PSQI index poor quality sleep.  

For model 3, there was also a significant main effect of cortisol concentration (B 

= -29.19, t = -2.65, p = .011). Simple effects analyses revealed a significant slope at low 

levels of cortisol (B = -1.70, t = -3.21, p = .003), where irregular sleep was associated 

with a greater cost to happy faces at low levels of cortisol and thus greater attention 

towards happy faces (see Figure 5). 



CHAPTER 4: LUSTIG 

 

158 
 

 
Figure 4-5. Significant moderating effect of low levels of cortisol on Day 1 on the 

relationship between sleep regularity and the cost on the gaze cue task for happy faces. 

Irregular sleep and low concentrations of cortisol were associated with a greater cost to 

happy faces.  

Thus, for the gaze cueing task, poor quality sleep combined with high cortisol was 

associated with greater attention towards disgusted faces, and less attention towards 

neutral faces. Irregular sleep and low cortisol were associated with greater attention 

towards happy faces.  

Oddball. For model 4, simple effects analyses revealed a significant slope at high 

levels of cortisol (B = .011, t = -2.19, p = .034) and a trend at low levels, where irregular 

sleep was associated with higher accuracy to fearful faces at high levels of cortisol (see 

Figure 6). 
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Figure 4-6. Significant moderating effect of high levels of cortisol on Day 2 on the 

relationship between sleep regularity and accuracy to categorizing fearful faces on the 

oddball task. Irregular sleep and high concentrations of cortisol were associated with a 

greater accuracy to fearful faces.  

Visual Search.  For model 5, simple effects analyses revealed a significant slope 

at high levels of cortisol (B = .022, t = 3.23, p = .0024) and a trend at mean levels, where 

irregular sleep was associated with higher accuracy to identifying an array of all neutral 

faces at high levels of cortisol (see Figure 7). 

 
Figure 4-7. Significant moderating effect of high levels of cortisol on Day 2 on the 

relationship between sleep regularity and accuracy to identifying an all neutral face array 

on the visual search. Irregular sleep and high concentrations of cortisol were associated 

with a greater accuracy.  
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For model 6, simple effects analyses revealed a significant slope at high levels of 

cortisol (B = .081, t = 3.94, p = .003) and at mean levels (B = .036, t = 2.41, p = .02), 

where irregular sleep was associated with higher accuracy to identifying angry arrays and 

angry pop-out faces at high levels of cortisol (see Figure 8). 

 

Figure 4-8. Significant moderating effect of high and mean levels of cortisol on Day 2 on 

the relationship between sleep regularity and accuracy to identifying an angry face or an 

array of angry faces on the visual search. Irregular sleep and high concentrations of 

cortisol were associated with a greater accuracy.  

Finally, for model 7, there was a main effect of sleep regularity (B = -.0383, t = -

2.22, p = .032). Simple effects analyses revealed a significant slope at high levels of 

cortisol (B = - .098, t = -3.03, p = .004) and at mean levels (B = -.038, t = - 2.22, p = 

.032), where irregular sleep was associated with slower reaction times at high levels of 

cortisol (see Figure 9). This overall model becomes nonsignificant when controlled for 

sex (p = .0550), although the main effect of sex is nonsignificant (p = .96). 
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Figure 4-9. Significant moderating effect of high and mean levels of cortisol on Day 2 on 

the relationship between sleep regularity and reaction time on the visual search. Irregular 

sleep and high concentrations of cortisol were associated with a slower reaction time.  

 Overall, for the visual search task, irregular sleep combined with high levels of cortisol 

was associated with higher accuracy on identifying all neutral arrays, angry arrays, and a 

slower reaction time.  

Testosterone 

Crowd Task. For model 8, there was a main effect of sleep duration (B = -.3077, 

t = -3.19, p = .0061). Simple effects analyses revealed a significant slope at high levels of 

testosterone (B = .377 , t = -2.17, p = .046), mean levels (B = -.308, t = - 3.19, p = .0061), 

and low levels (B = -.993, t = - 4.52, p = .004), where short sleep was associated with a 

more negative bias at high levels of cortisol, but a positive bias at low levels of 

testosterone (see Figure 10). 
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Figure 4-10. Significant moderating effect of high, mean, and low levels of testosterone 

on Day 1 on the relationship between sleep duration and point of subjective equality for 

fearful faces on the crowd task. Short sleep duration was associated with a more negative 

bias for individuals with high levels of testosterone but a more positive bias for 

individuals with low testosterone.  

Gaze Cueing. For model 9, there was a main effect of testosterone (B = 23.56, t = 

2.24, p = .0397). Simple effects analyses revealed a significant slope at low levels of 

testosterone (B = 44.52 , t = 4.06, p < .001), and mean levels (B = 13.77, t = 2.73, p = 

.0149), where short sleep was associated with less of a cost for fearful faces when at low 

levels of testosterone (see Figure 11). Thus, short sleep duration was associated with less 

attention towards fearful faces with low levels of testosterone. 
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Figure 4-11. Significant moderating effect of mean, and low levels of testosterone on 

Day 2 on the relationship between sleep duration and reaction time cost on the gaze cue 

task for fearful faces. Short sleep duration and low levels of testosterone were associated 

with a lower cost for fearful faces.  

 Oddball. For model 10 (removed two multivariate outliers), simple effects analyses 

revealed a significant slope at high levels of testosterone (B = 5.29 , t = 4.53, p = .0014), 

and low levels (B = -6.63, t = -3.79, p = .0043), where short sleep was associated with a 

smaller P300 at high levels, but a larger P300 at low levels of testosterone (see Figure 

12). 

 
Figure 4-12. Significant moderating effect of high and low levels of testosterone on Day 

1 on the relationship between sleep duration and the amplitude of the P300 for sad faces 

on the oddball task. Short sleep duration and low levels of testosterone were associated 

with a larger P300 to sad faces, but short sleep duration and high levels of testosterone 

were associated with a smaller P300. 

For model 11 (removed one multivariate outlier), there was also a main effect of 

sleep quality (B = -2.553, t =-4.12, p = .0017). Simple effects analyses revealed a 

significant slope at high levels of testosterone (B = -4.99 , t = -6.58, p < .001), and mean 

levels (B = -2.55, t = -4.12, p = .0017), where poor sleep was associated with a smaller 

N170 at high levels of testosterone (see Figure 13). 
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Figure 4-13. Significant moderating effect of high and mean levels of testosterone on 

Day 2 on the relationship between sleep quality on the diaries and the amplitude of the 

N170 to disgust faces on the oddball task. Poor quality sleep and high levels of 

testosterone were associated with a smaller N170 to disgust faces. 

For model 12, there was also a main effect of testosterone (B = 12.83, t =2.96, p = 

.012), and a main effect of sleep quality (B = -1.49, t =-3.02, p = .0107. Simple effects 

analyses revealed a significant slope at high levels of testosterone (B = -4.99 , t = -7.10, p 

< .001), mean levels (B = -1.49, t = -3.02, p = .0107), and low levels (B = 2.01, t = 2.23, p 

= .046), where poor sleep was associated with a smaller N170 when combined at high 

levels, but a larger N170 amplitude at low levels of testosterone (see Figure 14). 
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Figure 4-14. Significant moderating effect of high, mean, and low levels of testosterone 

on Day 2 on the relationship between sleep quality on the diaries and the amplitude of the 

N170 to neutral faces on the oddball task. Poor quality sleep and high levels of 

testosterone were associated with a smaller N170 to neutral faces, but poor sleep quality 

and low levels of testosterone were associated with a larger N170 amplitude. 

For model 13, there was also a main effect of sleep quality (B = -2.07, t =2.60, p = 

.0234. Simple effects analyses revealed a significant slope at high levels of testosterone 

(B = -5.43, t = -3.43, p =.005), and mean levels (B = -2.07, t = -2.60, p = .0234), where 

poor sleep was associated with a smaller N170 at high levels of testosterone (see Figure 

15). 

 
Figure 4-15. Significant moderating effect of high, and mean levels of testosterone on 

Day 2 on the relationship between sleep quality on the diaries and the amplitude of the 

N170 to fearful faces on the oddball task. Poor quality sleep and high levels of 

testosterone were associated with a smaller N170 to fearful faces. 

 Overall, for the oddball, short or poor-quality sleep combined with high testosterone was 

associated with smaller P300 amplitude to sad faces, and smaller N170 amplitudes to 

disgust, fearful and neural faces. Short or poor-quality sleep combined with low 

testosterone was associated with larger P300 amplitude to sad faces and a larger N170 to 

neutral faces.  



CHAPTER 4: LUSTIG 

 

166 
 

Progesterone 

Luteal Women. 

 Morph Task. For model 14, there was also a main effect of progesterone (B = -

.0811, t = -2.83, p = .0076). Simple effects analyses revealed a significant slope at low 

levels of progesterone (B = -.0746, t = -2.11, p = .042), where poor sleep was associated 

with lower accuracy to fearful faces at low levels of progesterone (see Figure 16). 

 
Figure 4-16. Significant moderating effect of low levels of progesterone in the luteal 

phase on the relationship between sleep quality on the diaries and fear accuracy on the 

morph task. Poor quality sleep and low levels of progesterone were associated with a 

worse accuracy to fearful faces. 

For model 15, there was also a main effect of progesterone (B = -.0911, t = -2.65, 

p = .0121). Simple effects analyses revealed a significant slope at high levels of 

progesterone (B = -.0297, t = -2.69, p = .0109), where poor sleep was associated with 

higher accuracy to fearful faces at high levels of progesterone (see Figure 17). 
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Figure 4-17. Significant moderating effect of high levels of progesterone in the luteal 

phase on the relationship between sleep quality on the PSQI and fear accuracy on the 

morph task. Poor quality sleep and high levels of progesterone were associated with a 

greater accuracy to fearful faces. 

For model 16, there was also a main effect of progesterone (B = -.0765, t = -3.16, 

p = .0032). Simple effects analyses revealed a significant slope at low levels of 

progesterone (B = -.0914, t = -3.03, p = .0045), where short sleep was associated with 

lower accuracy to angry faces at low levels of progesterone (see Figure 18). 

 
Figure 4-18. Significant moderating effect of low levels of progesterone in the luteal 

phase on the relationship between sleep duration and angry accuracy on the morph task. 

Short sleep duration and low levels of progesterone were associated with a lower 

accuracy to angry faces. 
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 For the morph task, poor quality sleep combined with higher concentrations of 

progesterone was associated with greater accuracy on categorization of fearful faces, 

while poor sleep quality or short sleep combined with low progesterone was associated 

with lower accuracy to fearful and angry faces. 

 Follicular women.  

 

Gaze Cueing. For model 17, there was also a main effect of progesterone (B = 

25.88, t = 2.24, p = .0312). Simple effects analyses revealed a significant slope at low 

levels (B = 19.68, t = 2.57, p = .0144), and high levels (B = - 16.17, t = -2.28, p = .0286) 

of progesterone where poor quality sleep was associated with lower cost for neutral faces 

at low levels of progesterone, but a larger cost for neutral faces at high levels of 

progesterone (see Figure 19). Thus, poor sleep quality was associated with less attention 

towards neutral faces with low levels of progesterone but more attention with high 

concentrations.  

 
Figure 4-19. Significant moderating effect of low and high levels of progesterone in the 

follicular phase on the relationship between sleep quality on the diaries and reaction time 

cost on the gaze cue task for neutral faces. Poor quality sleep and low levels of 

progesterone were associated with a lower cost for neutral faces, while high progesterone 

concentrations were associated with a larger cost. 
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For model 18, simple effects analyses revealed a significant slope at low levels (B 

= -9.23, t = -3.43, p = .0016) of progesterone where poor-quality sleep was associated 

with lower cost for neutral faces at low levels of progesterone (see Figure 20). 

 
Figure 4-20. Significant moderating effect of low levels of progesterone in the follicular 

phase on the relationship between sleep quality on the PSQI and reaction time cost on the 

gaze cue task for neutral faces. Poor quality sleep and low levels of progesterone were 

associated with a lower cost for neutral faces.  

Visual Search. For model 19, simple effects analyses revealed a significant slope 

at high levels (B = .021, t = 3.53, p = .0016), and mean levels of progesterone (B = .0078, 

t = 2.49, p = .0198), where irregular sleep was associated with higher accuracy for 

detecting all neutral faces in the array at high levels of progesterone (see Figure 21). 
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Figure 4-21. Significant moderating effect of high and mean levels of progesterone in the 

follicular phase on the relationship between sleep regularity identifying an all neutral face 

array on the visual search. Irregular sleep and high levels of progesterone were associated 

with a greater accuracy for identifying an array of all neutral faces. 

Oddball. For model 20, there was also a main effect of sleep quality (B= 1.19, t 

=2.16, p = .041). Simple effects analyses revealed a significant slope at low levels (B = 

2.65, t = 3.04, p = .0055), and mean levels of progesterone (B = 1.19, t = 2.16, p = .0410), 

where poor quality sleep was  associated with a smaller N170 to angry faces at low levels 

of progesterone (see Figure 22). 

 
Figure 4-22. Significant moderating effect of low and mean levels of progesterone in the 

follicular phase on the relationship between sleep quality on the PSQI and the N170 
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amplitude to angry faces on the oddball. Poor quality sleep and low levels of 

progesterone were associated with a smaller N170 to angry faces. 

For model 21, there was also a main effect of sleep quality (B= 1.52, t =2.93, p = 

.0072). Simple effects analyses revealed a significant slope at low levels (B = 3.09, t = 

5.12, p < .001), and mean levels of progesterone (B = 1.52, t = 2.93, p = .0072), where 

poor quality sleep was associated with a smaller N170 to fearful faces at low levels of 

progesterone (see Figure 23). 

 
Figure 4-23. Significant moderating effect of low and mean levels of progesterone in the 

follicular phase on the relationship between sleep quality on the PSQI and the N170 

amplitude to fearful faces on the oddball. Poor quality sleep and low levels of 

progesterone were associated with a smaller N170 to fearful faces. 

For model 22, there was also a main effect of sleep quality (B= 1.19, t =2.97, p = 

.0065). Simple effects analyses revealed a significant slope at low levels (B = 2.55, t = 

4.76, p < .001), and mean levels of progesterone (B = 1.19, t = 2.97, p = .0065), where 

poor quality sleep was associated with a smaller N170 to sad faces at low levels of 

progesterone (see Figure 24). 
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Figure 4-24. Significant moderating effect of low and mean levels of progesterone in the 

follicular phase on the relationship between sleep quality on the PSQI and the N170 

amplitude to sad faces on the oddball. Poor quality sleep and low levels of progesterone 

were associated with a smaller N170 to sad faces. 

 Overall, for the oddball task, poor quality sleep, combined with low levels of 

progesterone during the follicular phase, was associated with smaller N170 amplitudes 

towards negative stimuli, including angry, fearful and sad faces.  

Significant Main Effects of Sleep on Emotion Processing 

 Several models had significant main effects of sleep duration but lacked 

significant interactions (see Table 3 for statistical support and means). Across these 

models, shorter sleep duration the week before the study days was associated with a 

higher shoot percentage on the Threat Detection task and lower accuracy on the Oddball 

task for detecting fearful faces. Shorter sleep duration on the two study nights was 

associated with lower accuracy at detecting a neutral ‘popout’ face from a sad or angry 

array on the Visual Search task (this model had one multivariate outlier removed for 

Cook’s distance).  

 For sleep quality, lower quality sleep was associated with lower accuracy 

detecting a neutral face from a sad or angry array on the Visual Search, and lower 



CHAPTER 4: LUSTIG 

 

173 
 

precision in decision making for sad (one multivariate outlier removed) and fearful arrays 

on the Crowd task. Poorer quality sleep measured on the PSQI was associated with a 

smaller N170 to happy faces. For the Sleep Regularity Index, low levels of sleep 

regularity were associated with higher accuracy on angry stimuli, including accuracy to 

angry ‘popouts’ and all angry arrays on the Visual Search, and angry face detection on 

the Morph task (one multivariate outlier removed) (see Table 3).   

Table 4-3 

Main Effects of Sleep on Emotion Processing 

 

Note. (1) and (2) signify the day of testing.  

Significant Main Effects of Hormones on Emotion Processing  

 Multiple models illustrated main effects of hormone concentrations without 

significant interactions (see Table 4). Higher cortisol was associated with worse accuracy 

for categorization of fearful faces on the morph task (one multivariate outlier removed). 

Higher testosterone was associated with worse accuracy to both disgust and fearful non-

target stimuli in the Oddball task. Higher concentrations of progesterone during the luteal 

phase was associated with more precision in responses on the Crowd task (particularly 

angry arrays), a later frame stop for fearful faces on the Morph task (one multivariate 

Predictor Moderator Outcome Significant Main Effect b t p Model Significance F(df) R²

Avg Duration Luteal Progesterone Shoot Percentage Avg Duration -0.059 -2.61 0.010 0.032 3.28(3,37) 0.163

Avg Duration Testosterone(1) Fear Accuracy OB Avg Duration -0.083 -2.84 0.012 0.003 6.97(3,16) 0.483

Duration Follicular Progesterone Neutral Popout Accuracy Duration -0.077 -2.78 0.009 0.041 3.05(3,35) 0.200

Quality Cortisol at 4:30 (2) Neutral Popout Accuracy Quality -0.074 -2.91 0.005 0.021 3.52(3,57) 0.185

Quality Cortisol at 2:00 (2) Sad SD fit Quality -6.770 -2.41 0.019 0.041 295(3,52) 0.243

Quality Luteal Progesterone Sad SD fit Quality -5.900 -2.85 0.003 0.009 4.60(3,33) 0.410

Quality Luteal Progesterone Fear SD fit Quality -9.190 -3.08 0.004 0.003 5.62(3,33) 0.380

PSQI Quality Follicular Progesterone Oddball N170 Happy Quality 1.254 2.83 0.009 0.006 8.21(3,25) 0.281

SRI Cortisol at 2:00 (1) Angry Accuracy Visual Search SRI 0.057 3.17 0.003 0.028 3.36(3,42) 0.282

SRI Cortisol at 4:30 (1) Angry Accuracy Visual Search SRI 0.055 3.09 0.004 0.014 3.95(3,42) 0.261

SRI Cortisol at 2:00 (2) Angry Accuracy Morph SRI 0.011 3.10 0.004 0.029 3.31(3,42) 0.251

SRI Cortisol at 4:30 (2) Angry Accuracy Morph SRI 0.010 2.99 0.010 0.010 4.33(3,42) 0.253

SRI Follicular Progesterone Angry Accuracy Morph SRI 0.011 3.77 0.001 0.002 6.87(3,24) 0.416

SRI Luteal Progesterone Angry Accuracy Visual Search SRI 0.053 2.40 0.024 0.033 3.42(3,25) 0.339
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outlier removed), and higher accuracy to fearful (one multivariate outlier removed for one 

model) and angry face categorization on the Morph task (see Table 4).  

Table 4-4 

Main Effects of Hormones on Emotion Processing. 

 

Note. (1) and (2) signify the day of testing.  

Effects of Phase and Sex on Sleep and Emotion Processing 

Although not a central goal or hypothesis of the study, descriptive analysis on sex 

and phase differences in sleep and emotion processing are presented because the 

questions are of interest to many readers and have a background literature to support their 

ongoing investigation. 

Effects of Sex and Phase on Sleep  

One-way ANOVAs were conducted to compare the sexes on sleep variables. The 

only significant difference on sleep variables was for sleep duration from Actigraphy for 

the study nights where women (M = 436.69 minutes, SD = 89.18 minutes) obtained more 

sleep than men (M = 380.34 minutes, SD = 71.48 minutes) (F(1,56) = 5.913, p = .018); 

this result was also significant when considering the composite sleep duration variable 

(including both diaries and watches) for the nights before the study (F(1,61)= 5.078, p 

=.028).    

Predictor Moderator Outcome Significant Main Effect b t p Model Significance F(df) R²

Avg Duration Cortisol at 4:30 (2) Fear Accuracy Morph Cortisol 0.184 2.31 0.025 0.027 3.30(3,54) 0.138

Avg Duration Testosterone (1) Fear Accuracy OB Testosterone 0.665 3.20 0.006 0.003 6.97(3,16) 0.483

Global Score Testosterone (1) Disgust Accuracy OB Testosterone 0.762 6.69 <.001 <.001 19.30(3,15) 0.433

Duration Luteal Progesterone Angry SD fit  Progesterone -10.580 -3.16 0.003 0.005 5.12(3,36) 0.310

Quality Luteal Progesterone Angry SD fit Progesterone -9.970 -3.37 0.002 0.011 4.31(3,36) 0.234

SRI Luteal Progesterone Angry SD fit Progesterone -7.430 -4.04 <.001 0.001 7.10(3,25) 0.289

Avg Duration Luteal Progesterone Angry SD fit Progesterone -9.804 -3.01 0.005 0.025 3.49(3,36) 0.201

Quality Luteal Progesterone Fear SD fit Progesterone -7.980 -2.78 0.009 0.003 5.62(3,33) 0.380

Quality Luteal Progesterone Sad SD fit Progesterone -6.070 -2.85 0.008 0.009 4.60(3,33) 0.410

SRI Luteal Progesterone Morph Fear Frame Stop Progesterone -0.104 -3.52 0.002 0.003 6.06(3,25) 0.327

Avg Duration Luteal Progesterone Fear Accuracy Morph Progesterone -0.082 -2.38 0.023 0.018 3.81(3,36) 0.253

SRI Luteal Progesterone Angry Accuracy Morph Progesterone -0.104 -3.52 0.002 0.003 6.06(3,25) 0.327

SRI Luteal Progesterone Fear Accuracy Morph Progesterone -0.108 -2.87 0.008 0.028 3.61(3,24) 0.372
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Paired-samples t-tests were conducted to compare diary and actigraphy measures 

of sleep across the menstrual phases, but there were no significant differences.  

Effects of Sex and Phase on Emotion 

 Sex (2) by Emotion (variable number dependent on task) ANOVAs were 

conducted for each of the emotion tasks, and an average of the two study days was used 

for this comparison. The only significant effect of sex on behavioural measures was a 

significant main effect for the point of subjective equality on the Crowd task (F(1,57) = 

8.16, p = .006), where women (M = 46.95, SD = 4.17) had more of a bias towards 

identifying the crowd as negative than men (M= 50.02, SD = 4.35). For power in the 

alpha band at the P4 site to cues on the threat detection task, there was a significant effect 

of sex (F(1,60) = 4.102, p = .047, where men (M = .495, SD = 1.00) had more alpha 

power than women (M= -.102, SD = 1.12). Greater alpha could be a sign of greater 

internal attention (MacLean & Arnell, 2011).)  

 For the effect of phase, Phase (2) x Emotion (variable number dependent on task) 

mixed model ANOVAs were conducted on emotion tasks. There was a significant 

interaction between Phase and Emotion on the crowd task (F(2,72) = 3.182, p = .047). 

Follow up paired t-tests showed that follicular women had a greater difference between 

angry and fear points of subjective equality than did luteal women (t(36) = -2.46, p = 

.019; see Figure 25).  
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Figure 4-25. Differences in point of subjective equality on the crowd task by menstrual 

phase. Note: Values below 50 indicate a negative bias (require less than 50% of the array 

to be negative to label negative).  

Discussion 

 In this study, the central aim was to investigate the interaction of sleep and 

hormones on measures of emotion processing. There were multiple moderation models 

that provided evidence for a moderating role of hormones in the relationship between 

sleep and emotion processing. These outcomes are discussed below in relation to past 

literature and implications. 

Cortisol 

For both men and women together, high levels of cortisol combined with poor 

quality of sleep was associated with a greater reaction time cost for incongruent 

compared to congruent disgust faces, but a smaller cost for neutral faces. This result 

could be due to greater attention towards potentially threatening faces, but not neutral 

faces in these individuals. Previous studies have emphasized a role for cortisol in 

detection of threatening faces (Putman, Hermans, & van Honk, 2007; Rampino et al., 

2019), and this detection appears to be amplified under conditions of inadequate sleep. 
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During the Gaze Cueing task, the gaze direction was equiprobable to be congruent or 

incongruent, and so a greater reaction time cost (greater reaction time difference between 

incongruent and congruent trials) is maladaptive, and reflective of an inability to inhibit 

the attention to the negative face that provides no task benefit. This result echoes the 

previous literature on cortisol and difficulties with emotion regulation (Tsumura, Sensaki, 

& Shimada, 2015; Lustig, Cote, & Willoughby, submitted). As high cortisol is reflective 

of response to recent acute stress or early life stress (Lightman, 2008; Stroud, Chen, 

Doane, & Granger, 2016), it may be adaptive to have increased response to potentially 

threatening situations. Additionally, in the current study, it was found that high levels of 

cortisol combined with irregular sleep patterns was associated with higher accuracy to 

detection of fearful faces (Oddball task) and angry faces (Visual Search), as well as 

accurately detecting the lack of a threatening face in an array of all neutral stimuli (Visual 

Search) and slower reaction time. Again, these results demonstrate a greater bias towards 

threatening stimuli, and a lower threat threshold for detection when higher cortisol is 

combined with poor sleep. It is interesting that there were multiple models that emerged 

with cortisol and sleep regularity (that is, the Sleep Regularity Index), as greater sleep 

irregularity is associated with a circadian misalignment (Murray et al., 2019) that may 

impact the typical functioning of the HPA axis. As low cortisol combined with irregular 

sleep was associated with a greater attention towards happy faces on the Gaze Cueing 

task, it is possible that the increased bias towards threat is only seen when both poor sleep 

and high concentrations of cortisol are both present.   

As cortisol timepoints were uncorrelated and remained separate for analyses, most 

models highlighted the post-battery cortisol timepoint as the moderator (outcomes at the 
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4:30 pm measurement following the battery as opposed to the 2 pm pre-battery 

measurement). This result could suggest a cortisol response to the task battery or 

potentially a circadian effect of cortisol concentration. Additionally, cortisol reactivity to 

stress can change based on the ultradian rhythm and pattern of release versus inhibition 

(as reviewed in Lightman, 2008). As such, more research needs to be conducted on the 

role of cortisol across various timepoints on this association.  

Testosterone 

 High levels of testosterone in men combined with short sleep duration on the 

nights before task study dates was associated with more of a negative bias for fearful and 

happy facial arrays on the Crowd task, and a smaller P300 to sad faces on the Oddball 

task. Due to the impact of testosterone in well-rested men and greater amygdala 

activation towards threatening faces (Derntl et al., 2009), it is not surprising to see a 

lower threshold for determining that an array is fearful compared to happy, however, 

these data indicate that the effect was amplified by short sleep. As testosterone is often 

implicated in dominance, the fact that this result was with fearful vs happy arrays, but not 

angry vs happy arrays may potentially arise due to those with high levels of testosterone 

feeling greater dominance over individuals displaying fear (Stanton et al., 2009).  

High levels of testosterone being associated with a smaller P300 to sad faces, 

suggesting less attention towards sad faces, after short sleep may arise due to the lack of 

threat in these faces as compared to some of the non-target stimuli, or the other target 

stimuli of anger. Sad faces may be less important for processing during times of 

insufficient resources, or because they are lower arousal, or due to the requirement for 

other emotional interpretation such as empathy (as reviewed in Cote, Mondloch, 
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Sergeeva, Taylor, & Semplonius, 2014). Previous work in our lab has illustrated that after 

sleep restriction, low levels of testosterone were associated with worse accuracy to sad 

faces, but in the present study sleep was not experimentally manipulated and thus the 

effects of sleepiness may be more subtle. And so while they were not less accurate, the 

smaller P300 illustrates a lower level of attention towards sad faces and may be reflective 

of the cost of an increased attention towards threat (Lustig et al., 2018).  High levels of 

testosterone combined with poor quality sleep was associated with smaller N170 

amplitudes to several non-target stimuli (disgust, neutral and fearful). This result was 

unexpected, as although they are non-target stimuli, disgust and fearful faces are 

threatening, and we might expect a larger N170 response when high testosterone is 

combined with poor sleep. However, despite most studies finding an increase in reactivity 

to emotional stimuli in imaging studies with high levels of testosterone (Van Wingen, 

2011; Hermans, et al., 2007; Derntl et al., 2009), Stanton et al. (2009) reported a 

decrease, and interpreted it as the high testosterone individuals feeling higher levels of 

dominance, and thus being less threatened by others. As these negative emotions in the 

current study are more reflective of a threat in the environment than a threat from that 

individual (as opposed to angry faces), this stands as a potential interpretation.  

Low levels of testosterone combined with short sleep duration on the nights 

before task study dates was associated with less of a negative bias for fearful faces on the 

crowd task, and also less of a reaction time cost for fearful faces on gaze cue tasks, but a 

larger P300 to sad faces on the oddball task. These results with low levels of testosterone 

emphasize a lower level of bias towards threatening stimuli when combined with short 
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sleep, providing support that both insufficient sleep and high concentration need to be 

present together to see the largest impacts for threatening stimuli.  

Progesterone 

 In luteal women, high concentration of progesterone combined with poor sleep 

quality was associated with higher accuracy on fear faces on the Morph task. This result 

is interesting, as in well-rested women, higher concentrations of progesterone have been 

associated with worse categorization accuracy and negatively correlated with accuracy 

(Derntl et al., 2008; Derntl et al., 2013). However, previous literature has also identified a 

bias towards processing threat in luteal women, potentially to serve the evolutionary 

benefit of protecting a potential pregnancy (Conway et al., 2007; Derntl et al., 2008). 

Previous work in our lab similarly found greater progesterone concentration was 

associated with a greater tendency to rate negative IAPS picture images as negative after 

sleep restriction (Lustig et al., 2018). Thus, the combination of high progesterone and 

poor sleep quality lead to what appears to be better accuracy for detecting threat, which 

likely arises due to a change in the threshold for what is deemed threatening.  

In luteal women, low concentration of progesterone combined with poor sleep 

quality was associated with lower accuracy to fearful faces on the Oddball task and angry 

faces on the Morph task with short sleep duration. These women, with lower 

concentrations of progesterone seem to lack the threat-detection boost that arises from 

having both high progesterone and poor sleep. Instead, in these women, there are the 

more typical effects of poor categorization accuracy found in poor sleep, and worse 

categorization accuracy during the luteal phase (Derntl et al., 2008; 2013). Although we 

did not find any sign of high progesterone being associated with worse performance when 
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combined with poor sleep, and thus a greater vulnerability to sleep loss on emotion 

categorization, it is possible that a performance deficit for non-threatening emotions 

emerges when combined with a greater amount of sleep loss, as seen in 4 hour sleep 

restriction (Lustig et al., 2018).  

Finally, in follicular women, low levels of progesterone with poor sleep quality 

were associated with a lower gaze cue cost for neutral faces, while high levels had a 

greater cost. Low progesterone was also associated with a smaller N170 towards target 

and threatening stimuli on the Oddball (angry, fear, and sad). Overall, these ERP results 

suggest a blunting of emotion processing when low levels of progesterone during the 

follicular phase are combined with poor sleep. Progesterone is naturally low during the 

follicular phase, and the follicular phase has been associated with lower levels of 

emotional reactivity (Conway et al., 2007). Thus, when combined with poor sleep quality, 

it appears to produce less of the sleep-loss related increases in neural reactivity and 

behaviour that are anticipated (Yoo et al., 2007). High progesterone was also associated 

with higher accuracy for detecting all neutral faces, or the lack of a negative face (angry 

or sad) when combined with irregular sleep. In this sample, higher progesterone in the 

follicular phase was thus associated with greater accuracy at identifying a neutral face in 

an array of angry or sad faces and a greater cost on the gaze cue task, which could 

illustrate greater attention towards neutral faces. This result was unexpected, as our 

previous studies have shown worse accuracy for neutral images when combined with 

poor sleep and high progesterone during the luteal phase (Lustig et al., 2018). However, 

as estradiol is the dominant hormone during the follicular phase, it is possible that these 

women may be experiencing the slight rise in progesterone that occurs near ovulation as 
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opposed to earlier in their follicular phase, and there may be a larger role for estradiol in 

understanding their response to poor or irregular sleep, As such, high progesterone during 

the follicular phase may be associated with different outcomes than during the luteal 

phase, and the role of estradiol should be investigated in future studies. 

Main Effects of Sleep and Hormones/ Phase 

 As well as significant moderation models that suggested an important role for the 

combination of sleep and hormones on emotion processing, there were also significant 

main effects of both sleep and hormones which contribute to the literature. In general, a 

shorter duration of sleep the week before the study days was associated with worse 

accuracy to fearful faces on the Oddball, and a higher shoot percentage on the Threat 

Detection task. As fearful faces on the oddball were non-targets, this result suggests that 

participants with shorter sleep duration were miscategorising fearful faces as target 

stimuli (either angry or sad). Additionally, they were showing greater reactivity to 

threatening images, as evidenced by choosing to shoot in more scenarios. This result 

supports previous literature that insufficient sleep is related to higher emotional reactivity 

(Yoo et al., 2007; Nota & Coles, 2018). Shorter sleep duration on the nights before the 

task was associated with a worse accuracy on the Visual Search with detecting neutral 

‘pop-out’ stimuli from an array of sad or angry faces than short sleep duration. These 

results replicate previous studies that show that sleep deprivation is associated with worse 

categorization accuracy (Killgore, Balkin, Yarnell, & Capaldi II, 2017; Beattie et al., 

2015; Lustig et al., 2018). Together, these results are interesting in that they support that 

even subtle differences in sleep duration in this naturistic sample are enough to impact 
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the processing of emotional stimuli, even though much of the literature has focused on 

longer durations of experimental sleep deprivation.  

Poor quality sleep, either on the PSQI or on diaries was associated with worse 

accuracy on detecting neutral faces in an array of angry or sad on the Visual Search and 

worse precision in responses on the Crowd Task, indicating greater variability in the 

decision point between categorizing the stimulus set as a negative or positive array on the 

crowd task. Again, these results support a role for better sleep in performance on 

emotional tasks (Killgore et al. 2017; Beattie et al., 2015; Soffer-Dudek, Sadeh, Dahl & 

Rosenblat-Stein, 2011). It was expected to see similar patterns of results between 

measures of duration and quality, as poor sleep quality could be indicative of a 

discrepancy between amount of sleep obtained and the ideal sleep duration. Lower 

quality sleep was also associated with a smaller N170 component on the Oddball to 

numerous different emotional stimuli, including angry, fearful, sad and happy faces. 

Previous ERP studies have found greater amplitude N170 components with shorter sleep 

to emotional faces (Cote et al., 2014; Lustig et al., 2018; Cote et al., 2015). However, due 

to the nature of the study design, and the lateness of the oddball task in the task battery, 

the most likely interpretation is fatigue in the low sleep quality participants. They are 

likely less able to maintain their attention and are experiencing a blunting in N170 

amplitude as a result, which could also explain differences in accuracy. Additionally, 

previous studies finding sleep loss to be associated with increased N170 amplitudes 

towards threatening stimuli had more extreme experimental sleep loss than the current 

study, which may also contribute to differences in attention capture.  
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Despite most of the sleep results being consistent with the interpretation that 

worse or shorter duration sleep is associated with worse performance, lower regularity in 

sleep was associated with greater accuracy to detection and categorization of angry 

stimuli across several different tasks than high regularity sleep. This result was 

unexpected as less regularity in sleep has been associated with greater presence of 

emotional problems in children (Pesonen et al., 2009) and correcting irregular university 

students sleep schedules has been associated with an improvement in negative mood 

(Takasu, Takenaka, Fujiwara, & Toichi, 2012). However, despite the better performance 

with irregular sleep in the current study, the fact that it was for angry stimuli across 

several different emotion tasks suggests that it is due to the presence of a negative bias 

and increased response to threat in these participants as can be seen in other measures of 

poor sleep (Nota & Coles, 2018; Gobin, Banks, Fins, & Tartar, 2015). This increased bias 

towards negative stimuli may come at a cost of processing other stimuli.  

For hormones, higher testosterone was associated with worse accuracy to non-

target stimuli in the oddball task (fear and disgust), suggesting that higher testosterone is 

associated with an increased likelihood to respond to these stimuli as targets instead of 

correctly abstaining from response. Due to the association with testosterone and the 

processing of threat and dominance, this lower accuracy could be due to misjudging other 

threatening stimuli as angry faces (Derntl et al., 2009; Radke et al., 2015). This 

interpretation is supported by a significant correlation between testosterone and the 

tendency to misjudge disgust faces as angry targets in the current study (r = .462, p = 

.04), although high testosterone was correlated with misjudging fearful faces as sad (r = 

.560, p = .01). Fearful faces being miscategorized as sad faces may occur due to the role 
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of dominance with high testosterone that may lead a submissive face to be more likely 

interpreted as a sad compared to angry target. As well, higher testosterone was associated 

with a smaller N170 to neutral faces on the Oddball task, and more of a reaction time cost 

on the Gaze Cueing task for fearful faces. Both of these findings could also result from 

the increased attention and reactivity towards negative threatening stimuli with high 

testosterone, which may lead to less attention to neutral faces and more difficulty 

disengaging from fearful faces. A previous study has found high testosterone to be 

associated with faster reaction time to fearful face categorization, which suggests a more 

rapid and automatic processing of fearful faces (Derntl et al. 2009). There may be more 

attention towards fearful faces due to a greater feeling of dominance over individuals 

displaying fear (Radke et al., 2015).  

Progesterone in the luteal phase was associated with greater precision on the 

Crowd task, and higher accuracy in detection of fearful and angry faces on the Morph 

task but having a higher categorization threshold for fearful faces. Although the literature 

often finds greater accuracy during the follicular phase when progesterone is low, and 

correlations of high progesterone with low accuracy (Derntl et al., 2008), studies have 

found that high progesterone and being in the luteal phase can lead to an increased 

sensitivity to threat (Conway et al., 2007; Derntl et al., 2008). It is thus possible that high 

progesterone is thus associated with being more able to detect the threshold between a 

mainly positive as compared to mainly negative array on the crowd task as well as better 

being able to detect a threatening face emerging from a neutral face, although it did take 

them longer to decide that the face was fearful on that task. Similar to the results with the 

sleep regularity and greater accuracy to threatening faces, it is possible that women with 
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high progesterone are displaying the expected increased attention to threatening images, 

which appears as a benefit on tasks asking participants to categorize threat.   

As well as effects on emotion processing arising from differences in hormone 

concentration, there were also some main effects of sex and phase on various emotion 

tasks. On the crowd task, women had a lower point of subjective equality than men, 

suggesting that they needed fewer negative faces to categorize the array as mostly 

negative. This result is consistent with studies showing a negativity bias and worse 

emotion regulation in women (Gardener, Carr, Macgregor & Felmingham, 2013; Domes 

et al., 2010; Kong et al., 2014). For instance, an ERP study showed that women had 

greater N1 and N2 components, reflecting greater emotional reactivity than men when 

viewing negative images (Gardener et al., 2013), which the authors argued could be 

associated with the increased prevalence of anxiety disorders in women. Finally, men had 

greater alpha power than women in response to the cue on the Threat Detection task at 

the P4 electrode site. Other studies have found higher alpha frequency in men compared 

to women (Chiang, Rennie, Robinson, van Albada, & Kerr, 2016; van Albada, Kerr, 

Chiang, Rennie, & Robinson, 2010). As this alpha measure was contrasting the response 

to the cue against the response to the previous image just prior to fixation (which served 

as the baseline), it is possible that men were paying more attention to the previous 

threatening image (and consequently had lower alpha in the baseline), due to the role of 

testosterone, which appears as greater alpha in response to the cue. However, there have 

been several studies that have found greater prestimulus alpha to be associated with 

greater response preparation for the upcoming stimulus, which also may provide evidence 

of greater preparation in men due to the threatening nature and violence of the upcoming 



CHAPTER 4: LUSTIG 

 

187 
 

images that may be more aggressive and involve greater levels of dominance (Byoung-

Kyong Min & Hermann, 2007; Byoung-Kong Min et al., 2008; Cooper et al., 2003; 

Derntl et al., 2009; Radke et al., 2015). 

The only significant effect of phase was on the Crowd task, where follicular 

women had a greater difference in their points of subjective equality between angry and 

fearful faces than did luteal women, such that follicular women were more negatively 

biased with angry faces than fearful. One possible interpretation for this result is the 

better categorization performance that has been found in follicular as compared to luteal 

women, and so a greater difference between angry and fearful faces may reflect more 

sensitivity to differences between the emotions (Derntl et al., 2008; Pearson & Lewis, 

2005) potentially due to the increased need around ovulation for accuracy in emotional 

categorization for social interaction.  

Limitations and Future Directions 

 The results of this study leave several lines of research open to future study. First, 

more investigation needs to be done as most of the significant moderating roles of 

hormone concentration were found for one of the two study days, but not both. It is 

possible that the results would be more consistent across study days in a larger sample, or 

there could be other variables at play, such as learning effects on the first day, or fatigue 

and boredom with tasks on the second day that may lead to different outcomes that 

overshadow the interaction. Tasks were presented in a large battery that could increase 

fatigue and boredom, and future studies may want to investigate these tasks in isolation to 

avoid fatigue, issues with motivation, and carry-over effects between tasks. As well, the 

role of specific hormones in performance on specific emotion task variables was 
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exploratory in nature, and so involved many models and analyses that could inflate Type 

1 error. The results should be replicated in future studies.   

Additionally, future research could examine an older sample to ensure more 

consistent ovulation test results and more consistency in their cycles, as not every 

participant in the present study received a positive ovulation test nor had large differences 

in progesterone between their two study days. As well, future research should investigate 

the role of estradiol and interactions with progesterone, to better elucidate the phase 

differences, as estradiol was not measured in the current study due to methodological 

challenges in estradiol quantification and inability to use LCMS for measurement, but 

would have assisted with interpretation of results during the follicular phase.  

 Although the natural variations in sleep is a strength in this study because it has 

greater external validity, future research may want to begin with several recovery nights 

in the lab to return to baseline and eliminate sleep debt. This manipulation would allow 

for baseline measures of hormones, so that changes with hormones when they return to 

their typical sleep patterns could be measured. Consideration of the predictive value of 

baseline measures of hormones in subsequent response to poor sleep would be an 

interesting and necessary next step. As well, it would be interesting in future research to 

measure changes in sleep and hormones on a day to day basis, to better elucidate cause 

and effect relationships between sleep and emotion. Tasks used in future research could 

focus on understanding whether there is an associated cost with having an increased 

response towards threatening stimuli and a reduced threshold for determining a stimulus 

is threatening in nature.  
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Conclusions 

 This study focused on natural fluctuations in sleep duration, quality and 

regularity. Although much more subtle differences in sleep than sleep deprivation studies, 

the effects of insufficient sleep in such a real-world study of sleep largely showed similar 

effects on emotion functioning as studies of more extensive sleep deprivation. A benefit 

of this more subtle sleep difference was that there may be less difficulties with sleepiness 

and fatigue and sustaining attention, and it may elucidate more clearly some of the 

differences emerging due to modifications in emotion processing without the role of 

fatigue.  

This study allowed for the investigation of the interaction between natural 

objective and subjective sleep measures and hormone concentration on the processing of 

emotional stimuli. Overall, many interactions emerged, suggesting a dynamic interplay 

between these factors, and a predictive role for hormones on emotion functioning after 

sleep disruption. The design of this study focused on investigating the combination of 

sleep and hormones on stimuli that were more threatening in nature, and multiple 

relationships emerged for threatening stimuli. In general, greater concentrations of 

testosterone, progesterone and cortisol when combined with insufficient or poor sleep 

were associated with greater response towards threatening stimuli on measures of 

accuracy, and difficulty disengaging from them during the gaze cue task. Together, these 

results support that hormones and poor sleep can interact to have an effect on behaviour, 

with both factors alone being associated with increases in processing of threatening 

stimuli. Interestingly, low levels of these hormones combined with poor sleep was often 

associated with more of a blunting of performance and may explain some of the 
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variability in response to sleep loss, as compared to increased reactivity. These results 

could have important implications for understanding the interplay between sleep and 

emotion dysregulation in mood disorders, particularly when considering the role of 

hormones, such as premenstrual mood complaints, menopause, puberty, and depression.  
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Appendix A 

For the oddball N170, in a Session (2) by Emotion (6) ANOVA, there were no 

significant main effects or interactions (See Figure 3 in Appendix). For the oddball P300, 

there was a significant effect of emotion (F(5,230) = 71.296, p < 001)), and a significant 

effect of session (F(1,46) = 5.979, p = .018)). Follow- up paired t-tests revealed 

significant differences between all emotions except for angry and sad (the two target 

stimuli), fear and neutral (See Figure 4 in Appendix). Finally, for the N170 on the gaze 

cue task, there was a significant main effect of emotion (F(5,215) = 43.395, p < .001) 

(see Figure 5 in Appendix). Follow-up paired t-tests revealed significant differences 

between all emotions except for angry and sad, disgust and fear, and fear and happy. In a 

Session (2) by Cue (2) ANOVA for the alpha band at Pz on the Threat Detection task, 

there was a significant effect of cue type (F(1,61) = 4.275, p = .043. Follow-up t-tests 

revealed that there was more alpha following an unsure cue (M = .2622, SD = 1.30) than 

a threatening cue (M = .0269, SD = 1.21). ((See Figure 8 in Appendix). 
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Figure 1. Model fit curves for the crowd task by participant on study session 1.  
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Figure 2. Model fit curves for the crowd task by participant on study session 2.  
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Figure 3. N170 for oddball task by emotional cue type at PO8. Top panel is session 1 and 

bottom panel is session 2. Note: Negative is depicted downwards. 
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Figure 4. P300 for oddball task by emotional cue type at Pz. Top panel is session 1 and 

bottom panel is session 2. Note: Negative is depicted downwards. 
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Figure 5. N170 to the cue for gaze cueing task by emotional cue type at PO8. Top panel 

is session 1 and bottom panel is session 2. Note: Negative is depicted downwards. 
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Figure 6. Topographies for spectral analysis of Threat Detection task. Column 1 is 

women in the follicular phase, column 2 is women in the luteal phase and column 3 is 

men. Top row is response in the 8-12 hz range to the threatening cue and the second row 

is the response in the 8-12 hz range to the unsure cue. Bottom row and fourth column 

show statistical comparisons.  
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Figure 7. Time frequency plots at P4 for Threat Detection task. Column 1 is women in 

the follicular phase, column 2 is women in the luteal phase and column 3 is men. Top row 

is response to the threatening cue and the second row is the response in the 8-12 hz range 

to the unsure cue. Bottom row and fourth column show statistical comparisons.  
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Figure 8. Time frequency plots at Pz for Threat Detection task. Column 1 is women in the 

follicular phase, column 2 is women in the luteal phase and column 3 is men. Top row is 

response to the threatening cue and the second row is the response in the 8-12 hz range to 

the unsure cue. Bottom row and fourth column show statistical comparisons. 
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Appendix B

 

Task Predictors Moderators Emotion Outcomes

Average Duration Week Prior to Study Days Cortisol Pre Battery (Day 1 and Day 2)

Study Night Duration Cortisol Post Battery (Day 1 and Day 2)

Sleep Quality Progesterone during Follicular Phase

PSQI Global Sleep Quality Score Progesterterone during Luteal Phase

Sleep Regularity Index Testoterone (Day 1 and Day 2)

Crowd Task Angry Point of Subjective Equality

Sad Point of Subjective Equality

Fear Point of Subjective Equality

Angry PSE Standard Deviation

Sad PSE Standard Deviation

Fear PSE Standard Deviation

Shoot Don't Shoot Overall Shoot Percentage

Reaction Time

Alpha to Threat Cue at Pz

Alpha to Threat Cue at P4

Alpha to Unsure Cue at Pz

Alpha to Unsure Cue at P4

Oddball Oddball Angry Accuracy

Oddball Neutral Accuracy

Oddball Disgust Accuracy

Oddball Happy Accuracy

Oddball Sad Accuracy

Oddball Fear Accuracy

N170 Angry Amplitude

N170 Sad Amplitude

N170 Fear Amplitude

N170 Happy Amplitude

N170 Disgust Amplitude

N170 Neutral Amplitude

P300 Angry Amplitude

P300 Sad Amplitude

P300 Fear Amplitude

P300 Happy Amplitude

P300 Disgust Amplitude

P300 Neutral Amplitude

Morph Morph Angry Accuracy

Morph Sad Accuracy

Morph Happy Accuracy

Morph Fear Accuracy

Morph Angry Detection Threshold

Morph Sad Detection Threshold

Morph Happy Detection Threshold

Morph Fear Detection Threshold

Gaze Cueing Gaze Cue Cost Angry

Gaze Cue Cost Sad

Gaze Cue Cost Disgust

Gaze Cue Cost Neutral

Gaze Cue Cost Happy

Gaze Cue Cost Fear

N170 Angry Amplitude

N170 Sad Amplitude

N170 Fear Amplitude

N170 Happy Amplitude

N170 Disgust Amplitude

N170 Neutral Amplitude

Visual Search Angry Accuracy

Sad Accuracy

Reaction Time

Neutral Same Accuracy

Neutral Popout Accuracy
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Chapter 5  

 General Discussion  

This dissertation included three studies investigating the associations between sleep 

and emotion functioning with a role for hormone concentration or pubertal status. Across 

the three studies, worse sleep quality and shorter sleep duration were associated with 

worse emotional functioning, and moderating roles were identified for cortisol, 

progesterone, testosterone, and pubertal status. This discussion will first report on the 

contribution of each study to the role of sleep in emotion functioning, and then discuss 

the role of hormone concentration, or pubertal status, as a predictor of individual 

differences in response to poor sleep across each of the three studies.  

The Role of Sleep in Emotion Functioning 

 This dissertation contributes to the literature on sleep and emotion in several 

different ways. Previous research on the study of emotion functioning and sleep have 

found increased emotional reactivity, on both behavioural and neural measures, and 

difficulties with emotion regulation after poor sleep or sleep deprivation (Yoo et al., 

2007; Wagner, Fischer, & Born, 2002; Gujar, McDonald, Nishida, & Walker, 2011; 

Lustig et al., 2018; Tempesta et al., 2010; Baum, Desai, Field, Miller, Rausch, & Beebe, 

2014; Berger, Miller, Seifer, Cares, & LeBourgeois, 2012; O’Leary, Small, Panaite, 

Bylsma, & Rottenberg, 2017; Amiri & Isazadegan, 2017; Mauss, Troy, & Lebourgeois, 

2013; Klump et al., 2017). Increases in reactivity towards emotional stimuli, particularly 

those of a negative or threatening nature, likely occur due to increased activity in the 

amygdala and a reduction in communication from regulatory areas after sleep loss (Yoo 
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et al., 2007; Motomura et al., 2013; Motomura et al., 2017). Due to deficits in attention 

and vigilance after sleep loss, a reduced threshold for threat and increased emotional 

reactivity could serve an adaptive role for protection (Tempesta et al., 2010).  

Study 1: Subjective Sleep Perceptions and Emotion in University Students 

 The first study in this dissertation investigated changes in sleep quality and 

emotion reactivity and regulation over time in a sample of university students over their 

first three years of study. Worse sleep was associated with greater self-reported emotional 

reactivity and greater self-reported difficulties with emotion regulation. This result was 

found both when considering measurements within the same year, or patterns across three 

years. More years of poor sleep had a cumulative effect on emotion functioning, such that 

those who had three years of poor sleep had the greatest difficulties with emotion 

regulation and emotional reactivity. The results of this study supported previous literature 

on the relationship between sleep quality and self-reported emotion functioning (O’Leary, 

Small, Panaite, Bylsma, & Rottenberg, 2017; Pickett, Barbaro, & Mello, 2016; Kirwan, 

Svenson, Pickett, & Parkhill, 2019), but provided a novel contribution into understanding 

how these variables interact over time. As this study was correlational in nature, the 

relationship between these variables could be bidirectional, where poor sleep impacts 

next day emotion functioning, but poor emotion functioning could also lead to 

subsequent poor sleep (Semplonius, & Willoughby, 2018; Stewart, Rand, Hawkins, & 

Stines, 2011; Travernier & Willoughby, 2015). Supplementary analyses from this study 

supported that a shift from good sleep in one year to poor sleep in the next year was 

associated with an increase in emotional reactivity and a decrease in emotion regulation 

abilities. However, a shift from good sleep to poor sleep did not result in a significant 
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change in emotion functioning, suggesting that improved sleep habits after a period of 

poor sleep might not be enough to reduce emotional challenges or that a longer recovery 

period may be necessary. Other studies have found recovery of emotion functioning after 

recovery sleep or sleep extension when testing after shorter periods of sleep and recovery 

(Killgore, Balkin, Yarnell, Capaldi II, 2017; Motomura, et al., 2014). The discrepancy in 

these results may emerge due to a difference in studying subjective compared to objective 

measures of sleep and emotion, where subjective quality and evaluations of sleep could 

potentially take longer to change. Self-reported sleep quality and objective measures are 

not always highly associated, as can be seen in insomnia research where subjective sleep 

complaints may not equate to differences in sleep architecture (as reviewed in Rezaie, 

Fobian, McCall, & Khazaie, 2018). 

Study 2: Sleep and Emotion in Children and Adolescents 

 The second study of this dissertation investigated the association between self-

reported and objective measures of sleep and self-reported emotion reactivity and 

regulation in a sample of children and adolescents. This study highlighted an important 

role for sleep satisfaction in self-reported emotion functioning, as opposed to measures of 

self-reported sleep duration. Sleep satisfaction may be a way to determine an individual’s 

sleep debt that occurs due to a discrepancy between the amount of sleep obtained and 

individual need for sleep. Low sleep satisfaction suggests that even if an individual is 

sleeping within recommended amounts for their age group, they may be experiencing 

sleep restriction from insufficient sleep. For example, if a young adult needs 9 hours 

sleep to feel well-rested, but regularly only gets 8 hours sleep (within age norms), they 

would carry a sleep debt. As anticipated based on previous literature on sleep quality and 
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emotion (Nota & Coles, 2018; Gobin, Banks, Fins, & Tartar, 2015; O’Leary, et al., 

2017), dissatisfied sleepers reported greater emotion reactivity and difficulties with 

emotion regulation than satisfied sleepers, while moderately satisfied sleepers fell in 

between the two other groups in a dose-response fashion. Objective measures of sleep 

from Actigraphy provided additional support for the relationship between poor sleep and 

deficits in emotion functioning with shorter sleep durations being associated with greater 

emotion regulation difficulties and low sleep efficiency being associated with greater 

emotion reactivity.  

Study 3: Subjective and Objective Sleep in Emotion Perception of University 

Students 

 In the final study, measures of sleep quality, including daily variations in sleep 

quality on diaries and reports over the past month of sleep, subjective and objective 

measures of sleep duration, and objective measures of sleep regularity were associated 

with processing of emotional stimuli. This study expanded on the previous studies by 

implementing laboratory controls of hormone sampling and menstrual phase; as well, this 

study focused on performance-based measures of emotion perception as opposed to self-

report emotion functioning. Generally, across these measures, lower quality sleep and 

shorter sleep duration were associated with worse accuracy at categorization of emotional 

facial expressions, reduced reactivity to faces as evidenced by a smaller N170 

component, and greater threat reactivity as shown by greater likelihood of deciding to 

shoot a weapon when shown a threatening scene. These results support previous studies 

of manipulation of sleep and sleep deprivation that indicate more emotional reactivity, 
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but worse behavioural performance on emotional categorization (Beattie et al., 2015; for 

review see Cote et al., 2019).  

 The association between sleep regularity and emotion has not been well 

documented, although a study by Takasu, Takenaka, Fujiwara, and Toichi (2012) did find 

improvements in mood after placing participants with irregular sleep on more regular 

sleep schedules, and when participants reverted to their original schedules, the poor mood 

returned. In Study 3, lower regularity of sleep was associated with greater accuracy on 

detection of angry stimuli across several different tasks, indicating a potential negative 

bias towards identification of threatening emotions with low regularity sleep. This result 

is consistent with the literature that supports a negative bias with poor sleep (Yoo et al., 

2007; Wagner, Fischer, & Born, 2002; Gujar, McDonald, Nishida, & Walker, 2011; 

Lustig et al., 2018; Tempesta et al., 2010; Baum, Desai, Field, Miller, Rausch, & Beebe, 

2014; Berger, Miller, Seifer, Cares, & LeBourgeois, 2012). Low regularity sleep has been 

associated with delays in timing of circadian rhythms and worse academic performance 

(Phillips et al., 2017). Changes in timing of sleep can also be reflective of changes in 

sleep homeostasis and could interact with circadian timing (Skeldon, Derks, & Dijk, 

2016). As a new metric, the sleep regularity index could be especially important for 

understanding the benefits of sleep, and the association of sleep with other physiological 

functions under circadian control, like hormones.  

Role of Subjective versus Objective Sleep Across the Three Studies 

Subjective Sleep Measures 

Overall, the three studies supported an important role for subjective evaluation of 

sleep in emotion processing, both of emotional stimuli, and self-reported emotion 
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reactivity and regulation. Subjective evaluation of sleep could serve as a marker of 

satisfaction and provide some clues to an individual’s sleep need and debt. Individual 

sleep need is a potential variable that could play an important role in individual 

vulnerability to effects of poor sleep. Sleep need has been difficult to quantify in the 

literature and there have been wide individual differences reported (van Dongen, Rogers, 

& Dinges, 2003). Some previous literature has suggested that naturally short sleepers 

show evidence of greater sleep pressure, such as higher beta activity during wakefulness, 

and higher theta activity during sleep; the authors suggest that individuals who have 

habitually shorter sleep durations may be able to tolerate higher levels of sleep pressure 

before feeling the urge to sleep (Aeschbach, et al., 2001; Aeschbach, Cajochen, Landolt, 

& Borbely, 1996; Mairesse, et al., 2012). Additionally, there is evidence that shorter 

duration sleepers have a shorter “biological night” due to differences in the circadian 

system (Aeschbach et al., 2003). Reporting dissatisfaction with one’s sleep or low-quality 

sleep could thus be associated with being a longer sleeper, and a low tolerance for sleep 

pressure, but not allowing oneself insufficient sleep to reduce sleep pressure.  

Study 1 included a range of components of subjective sleep that together, could be 

used to create a profile of poor sleep, individuals who reported shorter sleep duration, 

worse sleep satisfaction, greater negative consequences of poor sleep, more napping, and 

more sleep lost due to a variety of lifestyle choices. These students could be experiencing 

levels of sleep debt due to the discrepancy between the amount of sleep they need and 

what they are able to obtain. This group of sleepers was likely also captured in the 

children and adolescents of study 2, as groups differed on their satisfaction with sleep. 

Additionally, study 3 included measures of subjective sleep quality measured on diaries 
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which asked how they would rate their sleep the night before. All these measures are 

likely addressing the presence of sleep debt. Recovery from sleep debt through extending 

sleep to 12-hour time in bed opportunities has resulted in lower amygdala activity and 

improvement of mood, supporting a potential opportunity for intervention to assist these 

dissatisfied sleepers (Motomura et al., 2014).  

Objective Sleep Measures 

The second and third study also investigated more objective measures of sleep 

duration and regularity from actigraphy. Having objective measures provides an 

additional strength to the results, as some studies have suggested a discrepancy between 

self-reported sleep and objective measurements of sleep, such as in the insomnia 

literature (e.g., Lund, Rybarczyk, Perrin, Leszczyszyn, & Stepanski, 2013). However, 

other research has suggested strong associations between an individual’s assessment of 

sleep quality and actual polysomnographic measurements of sleep (Croy, Smith, Gidlof-

Gunnarsson, & Waye, 2017). Additionally, a study in adolescents found high associations 

between daily sleep diary estimates and actigraphy, but poor agreement between more 

general estimates and objective measures (Arora, Broglia, Pushpakumar, Lodhi, & 

Taheri, 2013).  

Study two found associations between sleep and self-reported emotion function 

for both subjective and objective measures. This agreement can help provide some 

confidence in the relationship between sleep and emotion, as both objective and 

subjective measures of sleep, and objective and subjective measures of emotion converge 

to tell a similar story. In study 3, there again was agreement between subjective and 

objective measures of duration, and as such, they were combined into a composite 
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variables of sleep duration. Based on the studies outlined in this dissertation, it appears 

that both actual quantity of sleep obtained, and subjective evaluation of the quality and 

satisfaction with that sleep are important for emotion functioning.  

Conclusions from Natural Sleep Compared to Sleep Deprivation Studies 

 Much of the literature in the field of sleep and emotion has focused on highly 

controlled, laboratory studies of sleep and emotion. Often, these studies involve good 

sleepers who are randomly assigned to a sleep deprivation or control group or are run as 

repeated measures designs. However, investigating fluctuations in natural sleep can be 

beneficial for helping to identify potential at-risk subgroups, as well as how the 

association between sleep and emotion exists in the real-world, where these factors are 

likely bidirectional in nature (Semplonius, & Willoughby, 2018; Stewart, et al., 2011; 

Tarvnier & Willoughby, 2015). Despite these methodological differences, these studies 

support similar findings to those studies of experimentally manipulated sleep loss.  

 Generally, studies of sleep deprivation and studies of naturalistic sleep have found 

reduced behavioural performance on emotion categorization tasks, and greater emotional 

reactivity, particularly to negative stimuli (for review see Cote et al., 2019). However, 

there have been some studies that have shown variations from this pattern of findings 

with more subtle effects of sleep loss. For instance, a previous study from our lab found 

that sleep restricted participants had a greater Late Positive Potential to positive 

compared to neutral images than well-rested participants (Lustig et al., 2018). This result 

reflected a positive bias in attention after mild sleep restriction, whereas greater degrees 

of sleep loss show a negative bias. 
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In the third study of this dissertation, in several instances, irregular sleep, or poor 

sleep combined with high progesterone concentrations during the luteal phase of the 

menstrual cycle was associated with higher accuracy for detecting threatening stimuli. 

This result was interesting, as although a threat bias has been observed in the literature, 

often there is also a decrease in categorization accuracy. Due to the less severe effect of 

sleep loss, sleepy participants may be better able to compensate for the greater impact of 

sleep deprivation on attention which can include more variability in responses, and more 

attentional lapses, and greater reductions in performance as a task continues (Lim & 

Dinges, 2008). As a result of this compensation, we may observe reduced effects of 

fatigue and poor performance based on decreases in alertness, which may make changes 

to emotion processing more apparent. As such, we may be more likely to see a boost to 

threat processing, without a decline in performance. However, an increased response to 

threat may have negative consequences like greater processing of threatening stimuli in 

individuals with anxiety, where when there is competition for attention, threatening 

stimuli are selected for processing (White, Ratcliff, Vasey, & McKoon, 2010).  

Anxiety has been associated with greater connectivity between the dorsal medial 

prefrontal cortex and amygdala for the viewing of fearful faces and associated with a 

faster reaction time to fearful faces (Robinson, Charney, Overstreet, Vytal, & Grillon, 

2012). This result suggests that the increased vigilance to threat could be adaptive for 

identifying threat but was also greater in those with higher trait anxiety, suggesting an 

important downside to increased threat bias (Robinson et al., 2012). Studies have even 

proposed that serotonin transport genes may contribute to a greater sensitivity to threat 

and subsequently a higher risk of development of anxiety (as reviewed in Dillon, et al., 
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2013). Increased threat processing in anxiety disorders may be due to difficulties in top-

down control, and result in increased attention towards threatening stimuli, and a 

difficulty in avoiding attending to threat (as reviewed in Cisler, & Koster, 2010). This 

pattern carries many parallels to the effect of sleep loss on emotion function, and sleep 

loss may thus serve as an exacerbating factor for threat processing and anxiety. Given the 

association between poor sleep and development of anxiety (e.g., McMakin & Alfano, 

2015; Leahy, & Gradisar, 2012; Cox, Sterba, Cole, Upender, & Olatunji, 2018), there 

could be important implications arising from a reduced threat threshold after poor sleep 

for mental health.  

Overall, more research needs to be conducted to better elucidate the relationship 

between various levels of sleep disturbance and emotional outcomes. Natural sleep 

studies, although more ecologically valid, likely underestimate the impact of poor sleep 

on especially vulnerable individuals, as these individuals may self-select a longer sleep 

duration. However, studying sleepy groups that have many societal constraints on their 

sleeping patterns, such as university students or shift workers, may help identification of 

vulnerability predictors. 

Role of Sleep on Performance Tasks compared to Self Report of Emotion 

 This research investigated both measures of self-reported emotion deficits, and 

measures of the processing of emotional stimuli. The first two studies found that poor or 

insufficient sleep was associated with greater levels of self-reported emotion regulation 

difficulties and self-reported emotional reactivity to life situations. These studies support 

previous studies on self-report, such as increased negative emotions following unpleasant 

life events (O’Leary, Small, Panaite, Bylsma, & Rottenberg, 2017). This measure of 
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emotional reactivity likely signifies deficits in the behavioural ability to regulate 

emotions effectively with poor sleep, which could also impact subsequent sleep (Pickett, 

et al., 2016; Kirwan, et al., 2019; Amiri & Isazadegan, 2017; Tavernier, & Willoughby, 

2015). 

 Although in-lab tasks have also supported behavioural deficits in emotion 

regulation, such as challenges in using cognitive reappraisal strategies to alter emotional 

responses to sad video clips (Mauss, Troy & Lebourgeois, 2013), many in-lab studies 

focus on the processing of emotional stimuli as compared to analysis of one’s own 

emotional states and generation of emotions. In emotional processing literature, sleepy 

participants often show decreased performance on ability to make emotional 

categorization judgements (Beattie et al., 2015), but also more reactivity to threatening 

stimuli on imaging and electrophysiological measures (Cote et al., 2013; Cote, Jancsar, & 

Hunt, 2015; Lustig et al., 2018; Yoo et al., 2007; Motomura et al., 2013; Cote et al., 

2019). My third study that focused on emotional processing during task performance, 

found support for increased reactivity to threat behaviourally, as evidenced by higher 

accuracy at detecting angry stimuli with irregular sleep, although evidence of greater 

neural reactivity, shown by larger N170 or LPP potentials, was not supported in this 

study possibly due to the subtle sleep debt in the naturalistic and healthy samples.  

 Taken together, the results across this collection of studies provides support for a 

role of sleep quality on both emotion processing of stimuli and analysis of one’s own 

emotional responses and emotion regulation ability. Across multiple modalities of 

emotion functioning, poor sleep was associated with deficits that lead to an overreaction 

in emotional situations, whether it be response to an emotionally valanced static image, or 
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in an actual social situation (as evidenced by self-report measures of emotion reactivity). 

Based on previous research, and the results with emotion regulation difficulties in the 

first two studies, challenges with emotion regulation, on both a behavioural and a neural 

level likely serves as an important mechanism in this increased behavioural response.  

The Interaction of Sleep and Hormones on Emotion Functioning 

 The main target of this dissertation was to investigate the role of hormones in the 

association between sleep and emotion processing and behaviour. Specifically, I aimed to 

identify whether sex or stress hormone concentration could serve as a predictor for which 

individuals may be more affected by sleep loss on emotion tasks. The three studies 

supported an important role of cortisol, progesterone, and testosterone concentration in 

identification of the individuals with the greatest impact of poor sleep on emotion 

functioning.  

Role of Cortisol 

 The first study found a role for cortisol in emotion regulation when examining 

long term poor sleep habits. In this study, poor sleepers had higher cortisol concentrations 

than good sleepers, as measured during the morning and early afternoon. Poor sleepers 

also had a greater Cortisol/DHEA ratio than good sleepers. Further, Consistently Poor 

sleepers (three consecutive years of poor sleep) had a higher Cortisol/DHEA ratio than 

Consistently Good sleepers, suggesting the shift towards a bias in cortisol is maintained 

after three years of poor sleep. Additionally, cortisol concentration was a significant 

moderator in the relationship between sleep and difficulties with emotion regulation, such 

that those with consistently poor sleep showed the greatest deficits in emotion regulation, 

especially those with high cortisol concentrations. 
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 Similarly, in the third study, high concentrations of cortisol combined with poor 

sleep quality was associated with greater attention towards disgust faces on the gaze 

cueing task but less attention towards neutral faces, suggesting a bias towards processing 

of threatening stimuli. Additionally, an increase in processing of threatening and angry 

stimuli was seen for high concentrations of cortisol combined with irregular sleep, which 

could identify a role for circadian timing (Murray et al., 2019). As such, across both 

studies, higher concentrations of cortisol when combined with poor sleep were associated 

with worse subjective evaluations of emotion regulation, and heightened detection of 

threatening stimuli.  

 In the first study, high cortisol at afternoon measurements in poor sleepers could 

be an indicator of a change in the circadian rhythm of cortisol, as sleep loss studies have 

shown less circadian variability and a diminished decrease in cortisol across the day 

(Guyon et al., 2014). Combined with results from the third study that revealed potential 

interactions with circadian alignment, evidenced by the effect of sleep regularity on 

emotional performance, there appears to be an important role for circadian timing and 

consistency in understanding the interaction between sleep and cortisol on behaviour. It is 

possible that for these individuals, higher concentration of cortisol during the afternoon is 

occurring due to poor or irregular sleep, and there is a greater disruption to the circadian 

rhythm of the HPA axis (Reynolds et al., 2012; Morgan, Schumm, McClintock, Waite, & 

Lauderdale, 2017; Omisade, Buxton, & Rusak, 2010; Guyon et al., 2014). Higher cortisol 

may then be implicated in increased processing of threatening emotional stimuli (Putman, 

Hermans, & van Honk, 2007; Schultebraucks et a., 2016). It is thus possible that 

interventions targeting poor sleep and circadian timing and consistency could be 
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beneficial in protecting against the compounding effects of sleep loss and cortisol on 

emotion functioning and may improve regulation of the HPA axis.  

High cortisol concentrations and disrupted HPA rhythms have been implicated in 

the development of depression (as reviewed in Herbert, 2013). Cortisol measured just 

prior to sleep onset has been shown to be elevated in children with anxiety and 

adolescents with depression, which may be due to a lack of circadian variability (Forbes 

et al., 2006). Additionally, depression has been associated with a blunted CAR, even 

though cortisol is often seen as higher at other timepoints (Stetler, & Miller, 2005). 

Hourly administration of cortisol during sleep in individuals with depression has been 

associated with greater slow wave sleep and delta power (Schmid et al., 2008). Although 

seemingly counterintuitive, the authors suggested that this result may occur due to 

cortisol administration providing feedback to the HPA axis that resulted in lower 

production of corticotrophin releasing hormone, which improves sleep. 

 A diagnosis of depression includes sleep disturbance as an important risk factor 

and sign (as reviewed in Thase, 2006; Steiger, & Pawlowski, 2019). Depression is 

associated with greater awakenings and challenges falling asleep, greater REM sleep and 

lower amounts of non-REM sleep (as reviewed in Steiger, & Pawlowski, 2019). 

Combined with the effect of poor sleep on emotion processing and regulation, poor sleep 

and high concentrations of cortisol may be especially important in the onset of 

depression. This association between poor sleep and biological risk factors of depression 

development was further supported in the first study by the Consistently Poor sleepers 

having a greater concentration of cortisol compared to DHEA-S than Consistently Good 

sleepers. This ratio is often shifted towards cortisol in treatment-resistant depression (as 
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reviewed in Herbert, 2013). As well, circadian misalignment alone has been associated 

with greater severity of depressive symptoms (Emens, Lewy, Kinzie, Arntz, & Rough, 

2009). Again, there could be evidence that poor sleep combined with high concentrations 

of cortisol could have a compounding effect on depression risk. Importantly, a study 

found that a low CAR was found in depressed patients and was correlated with both 

depression symptoms and sleep quality. The authors suggested that cortisol could be the 

link that connects poor sleep quality to development of depression (Santiago et al., 2020). 

It is thus possible that interventions targeting poor sleep and circadian realignment could 

be beneficial in helping relieve or prevent against depressive symptoms, and this may 

partially occur through effects on cortisol.  

Role of Testosterone 

 The third study found a role for testosterone in the association between poor sleep 

and emotion processing. As predicted, greater concentrations of testosterone when 

combined with poor sleep were associated with greater attention and processing towards 

threat, such as a greater negativity bias when determining if an array was fearful or 

happy, but lower levels of testosterone combined with poor sleep were associated with a 

reduced bias to threat. This association was evidenced by less of a negative bias for 

fearful compared to happy faces, and less attention towards fearful faces on the gaze 

cueing task (resulting in a smaller reaction time difference between incongruent and 

congruent eye gaze trials). Overall, these results for threatening stimuli were expected, 

given the individual roles of testosterone and sleep loss on threat processing (Derntl et al., 

2009; Radke et al., 2015). However, as with the other hormones, it also reveals a 

cumulative impact of poor sleep and high testosterone when present together.  
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 As sleep loss has been associated with decreases in testosterone concentration, 

due to an important role for sleep duration and REM sleep in the nightly rise of 

testosterone (Lord, Sekerovic, & Carrier, 2014), we may also expect that individuals with 

low testosterone combined with poor sleep may show other emotion-related deficits, as 

lower testosterone may be an indicator of a greater biological impact of poor sleep. This 

result was supported in our previous work that showed worse accuracy for fearful and sad 

faces after four-hour sleep restriction in men with low levels of testosterone (Lustig et al., 

2018). However, the third study in this dissertation did not find worse categorization 

performance with low testosterone. It is possible that this result could arise from the 

differences between measures of natural sleep and sleep restriction or sleep deprivation. 

As a role has been posed for the timing of sleep loss, this could also be a factor in the role 

of testosterone.  

In the sleep restriction study, male participants had a late bedtime, which was 

shown in one study not to have as great of effect on testosterone concentration as if 

restriction occurred by early morning awakening (Schmid, Hallschmid, Jauch-Chara, 

Lehnert, & Shutles, 2012). However, in our previous study, participants woke at 7am, 

which may be early for university students. In agreement with this idea, there was a lower 

concentration of testosterone upon awakening (Lustig et al., 2018). In this dissertation, 

testosterone may have been less impacted without a sleep manipulation. Additionally, 

high concentrations of testosterone have been associated with a preference for evening as 

opposed to morning (Randler et al., 2012), which could indicate that those individuals 

with high levels of testosterone have a greater tendency towards a later bedtime than 

early awakening, and may be less likely to experience testosterone blunting.   
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Role of Progesterone 

 Both the second and third studies identified a role for progesterone or female sex 

hormones in the relationship between poor sleep and emotion functioning. Although not a 

specific role for progesterone in Study 2, pubertal status was a significant moderator 

between sleep satisfaction and difficulties with emotion regulation. Additionally, Study 3 

found that high concentrations of progesterone during the luteal phase when combined 

with poor quality sleep was associated with higher accuracy on fearful faces, while low 

progesterone was associated with lower accuracy to fearful and angry faces. During the 

follicular phase, low concentrations of progesterone combined with poor sleep quality 

were associated with lower N170 amplitude, and a possible blunting of emotional 

reactivity. Higher concentrations of progesterone in the follicular phase were associated 

with greater attention towards neutral stimuli, as indicated by having greater accuracy 

towards identifying arrays of all neutral stimuli and a greater reaction time cost on the 

gaze cueing task. These results in the follicular phase were not anticipated and may be 

better explained in future research on the role of estradiol. Estradiol or the interaction 

between estradiol and progesterone may have an impact on emotion functioning and 

explain these unexpected results in follicular women. Times of high estradiol, such as just 

prior to ovulation, have been associated with greater accuracy for identifying some 

emotional expressions (Pearson & Lewis, 2005). However, other research has found that 

the combination of progestin and estradiol treatments reduces the positive impact of 

estradiol on emotion functioning, and thus we may anticipate lower progesterone in the 

follicular phase to have better accuracy (Shafir et al., 2012).  
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 Overall, these results provide evidence that high levels of progesterone combined 

with poor sleep can lead to an increase in processing of threat but that at low levels, there 

is emotional blunting of categorization performance. Additionally, higher concentrations 

of sex hormones as seen in puberty combined with poor sleep can exacerbate difficulties 

with emotion regulation. Behavioural differences in menstrual phase have supported 

lower categorization performance during the luteal phase, but also increased reactivity 

towards threatening stimuli (Derntl et al., 2008; Conway et al., 2007). Sleep quality may 

be a factor that contributes to the direction of the results in these studies, as perhaps both 

poor sleep and high concentrations of progesterone are needed to see the largest effects 

on threatening emotions. Under these conditions, it may be especially adaptive to pay 

more attention towards threat and have more false alarms to protect potential pregnancy 

while the mother is less alert due to poor sleep.  

 These results on female sex hormones have several important implications. 

Puberty is a frequent time of onset for mood disorders in girls (Dahl & Spear, 2004; 

Angold et al., 1995). If obtaining poor sleep can play an exacerbating role in the 

development of emotion regulation issues during this time of hormonal change, then 

sleep programs in pubertal youth could become especially important for mental health. 

There has been some success reported in use of cognitive and mindfulness therapies in 

improving subjective sleep quality in adolescents and behavioural problems (Blake et al., 

2017). Evidence of worse sleep occurring with the onset of puberty (Foley, Ram, 

Susman, & Weinrub, 2018; Campbell, Grimm, da Bie, & Feinberg, 2012; Knutson, 

2005), and also the circadian shift towards preference for a later bedtime during puberty 

(Crowley, Wolfson, Tarokh, & Carskadon, 2018), suggest that sleep changes in puberty 
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could be a critical target for intervention. Much research has been conducted to support a 

shift to later school start times, to allow adolescents greater time to obtain the required 

amount of sleep (for review see Crowley et al., 2018).  

 The third study provides insight into the role of menstrual phase and progesterone 

in emotion function. Many women experience worse subjective mood, and greater 

emotional complaints during the luteal phase (Biggs and Demuth, 2011). Additionally, 

studies in women have supported worse subjective sleep quality during the end of the 

luteal phase (Baker, & Driver, 2004; Romans, et al., 2015; van Reen, & Kiesner, 2016). 

Despite this report of worse sleep quality, progesterone has also been associated with 

sedative properties, such as reduced arousals (Hachul et al., 2008, Lancel, Faulhaber, 

Holsboer, & Rupprecht, 1996). Although there hasn’t been much evidence for differences 

in many aspects of sleep between menstrual phases, other than small increases in spindle 

frequency and decreases in REM during the luteal phase (as reviewed in Baker and 

Driver, 2007), it is possible that during times of high progesterone, the need for sleep is 

increased due to the sedative properties of progesterone. With the lifestyles of many 

modern-day women, achieving greater sleep during times of high progesterone may be 

challenging, and may result in unsatisfactory sleep. Considering the role of the 

combination of poor sleep and high concentrations of progesterone, improvements in 

sleep during this time may help alleviate impacts of hormone concentration on mood and 

premenstrual syndrome (PMS). To support this idea, women diagnosed with PMS report 

worse subjective sleep quality during the luteal phase than when they are in the follicular 

phase, and worse mood and anxiety symptoms (Baker, et al., 2012). Additionally, women 

with PMS had greater slow-wave sleep than controls, supporting the idea that sex 
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hormone concentrations may affect sleep need. However, women diagnosed with 

premenstrual syndrome have reduced concentrations of both progesterone and 

allopregnanolone during the luteal phase compared to controls, so further research would 

need to be done to understand this relationship, and research specifically on the role of 

allopregnanolone and its relationship with sleep and emotion reactivity may provide some 

insight (Monteleone, et al., 2000). Despite the contradictory role of progesterone in 

emotion reactivity, where artificially high administrations result in sedative effects, and 

naturally high concentrations result in increased reactivity, (Andreen et al., 2005; 

Andreen, Sundstrom-Poromaa, Bixo, Nyberg, & Backstrom, 2006), there is much 

research left to be done to elucidate its role. However, the results from this study with 

naturally high levels support an interactive relationship of increased progesterone and 

poor sleep on processing of emotionally salient stimuli.  

Implications for Sleep, Hormonal Shifts, and Mental Health  

 The intersection of sleep and hormones on emotion functioning could have 

important implications for mental health. Across the lifespan, there are periods of time 

where there are concurrent shifts in sleep quality and hormones, such as puberty, and 

menopause. Poor sleep quality, insomnia, and sleep disturbance (Andenaes, Smastuen, 

Misvaer, Ribu, Vistad, & Helseth, 2020; Smith, Flaws, & Mahoney, 2018) are common 

complaints during the menopausal transition and are strongly related to frequency of 

depression symptoms (Smith, Flaws, & Mahoney, 2018). This literature provides insight 

into how sleep, hormones and emotion may interact bidirectionally. A “domino” theory 

for menopause has proposed that hormonal changes produce sleep disruption which can 

then be associated with increased mood complaints (as reviewed in Ameratunga, Goldin, 
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& Hickey, 2012). These periods of time with hormonal and sleep shifts are often also 

associated with changes in emotion processing. For instance, menopause is often 

associated with greater rates of depression, a negative behavioural bias, and reduced 

activation in emotion regulatory regions (Berent-Spillson et al., 2017). Interventions 

focusing on hormones, such as hormone replacement therapy during menopause, or sleep 

quality may thus be especially important during these times periods to reduce the 

interactive impacts on emotional perception and behaviour. Hormone therapy has been 

shown to reduce sleep complaints in menopausal women with hot flashes, which 

identifies a role for hormone-related symptoms in causing poor sleep quality (Cintron, et 

al., 2017).   

 Overall, this research argues that consideration of hormone concentration and 

sleep together may allow the prediction of those most at risk of emotional dysfunction 

after sleep loss, but also allow an opportunity to identify especially at-risk time periods 

for implementing sleep quality interventions. During times of major hormonal change, 

such as puberty or menopause in women and aging in men (Zirkin & Tenover, 2013), or 

times of high physiological stress, there should be a particular focus on sleep if possible, 

to alleviate potential downstream impacts on emotion and mental health. Additionally, 

these studies have supported an important role for meeting sleep need and satisfaction of 

sleep, not just overall sleep duration. To improve this metric, it may involve more 

flexibility in terms of school or occupational start times to support individual differences 

in both circadian factors and varying levels of sleep need. For instance, school start time 

has been shown to be a critical factor in sleep length of adolescents and also behavioural 

and emotional problems (for review see Tarokh, Saletin, & Carskadon, 2016).  
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Future Research Directions 

 The line of questioning pursued in this dissertation and interactions between 

sleep, hormones and emotion functioning leave open many new avenues of research. 

Regarding hormones, identifying the role of estradiol in these associations would be 

beneficial for interpretation of phase data. Additionally, further separating phases into 

early and mid follicular and luteal phases may allow more phase differences to be 

elucidated as there are fluctuations in hormones even within a menstrual phase, and there 

may be different effects of increasing progesterone compared to decreasing progesterone. 

The ratio of estradiol to progesterone, or overall concentrations may thus be more 

important to outcomes than menstrual phase categorization. To address these points, daily 

tracking studies could be implemented to investigate the association between sleep and 

emotion functioning across the full menstrual cycle. Further investigation of the role of 

hormone metabolites may also provide important answers in these interactions. As well, 

consideration of circadian factors, such as timing of tasks within ultradian pulses, or at 

peaks/nadirs of hormone concentration, may have different effects, so should be 

investigated. For instance, in rats, research has shown that the HPA axis is less sensitive 

to stressors between ultradian pulses where there is a period of inhibition (Lightman, 

2008; Windle, Wood, Shanks, Lightman, & Ingram, 1998) and this period could 

potentially result in lower reactivity to stimuli. In their rodent study, these researchers 

found that a noise stressor applied during the decline of an ultradian pulse was associated 

with a dampened corticosterone stress response as compared to when applied during the 

incline of a pulse (Windle et al., 1998). 
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 The next important research to be conducted will be to understand how the 

studied hormones might interact to affect outcomes. To understand the role of hormones 

in vulnerability to the effects of sleep loss on emotion, it would be valuable to determine 

if measures of multiple baseline hormones could predict how an individual may respond 

to poor sleep. Consideration of the interactions of these hormones with each other may 

allow the development of a “vulnerable” hormone profile. Future research could then 

compare with outcomes on other measures of functioning, to determine if this profile is 

specific to emotional outcomes.  

 As well as open questions about the role of hormones, there are other avenues that 

could be investigated for sleep and emotion. All of the studies in this dissertation focused 

on self-reports or actigraphy measures of natural sleep, but the investigation of sleep 

architecture using polysomnography could identify roles for specific aspects of sleep, 

such as REM. To follow up associations with emotions, it would be interesting to 

investigate the role of approach and avoidance emotions, as with some of the emotions, 

such as fear compared to angry, there may be different outcomes. As well, expansion 

beyond static images or self-report measures of emotion into other tasks on emotion 

processing and emotion regulation could provide more external validity. For instance, the 

use of video clips, or real-life social interactions would be beneficial for determining real-

world social consequences of these changes in emotion functioning. 

  As the studies outlined in this dissertation were conducted in adolescent or young 

adult populations, future researchers may wish to focus on an older cohort to allow for an 

even greater range in sleep quality and more consistent ovulation due to greater 

gynecological age. Finally, REM deprivation and hormone administration studies should 
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follow to allow for manipulations of these variables and identification of cause and effect 

and directionality of the associations. Real-world hormone administration studies could 

be pursued, such as following individuals transitioning to usage of hormonal birth control 

or hormone replacement therapies.  

Overall Conclusions 

 Together, this body of research investigated a novel question on the role of 

hormones in the relationship between sleep and emotion functioning. Across multiple age 

groups and measures of sleep and emotion, a role for hormone concentration was 

identified and an effect of poor sleep on emotion function elucidated. Investigation of this 

relationship allows for greater understanding of vulnerability to the consequences of poor 

sleep and provides insight into potential periods of intervention for improving sleep 

quality and mental health.  
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